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Abstract
Electrical machines capable of high-speed operation are key technology used in many
modern applications, such as gas turbine electrical systems, high-speed fly-wheels,
turbochargers, and computer numerical control (CNC) machines. The use of geared
high-speed machines to replace low-speed high torque drives has not been adequately
researched to-date. The rationale of this thesis is to investigate a candidate high speed
machine, namely flux switching machines to be used together with new types of core
material with mechanical gearing to deliver high-torque and low speeds.
Modern developments in advanced material technology have produced new mag-
netic materials capable of dealing with high resulting in very low losses in high speed
machines. However, such metals typically have low mechanical strength, and they
are found to be brittle. In order to manufacture electromechanical device with such
new materials, it has to be reinforced with a mechanically strong structure. The use
of multiple types of magnetic materials referred as a MMLC has been proposed in
this thesis for high-speed machine design. In this research, a generic method using
magnetic equivalent circuit to model flux switching machines (FSMs) is investigated.
Moreover modeling, based on machine dimensions for multiphase FSMs having any
pole and slot number has been introduced. The air-gap permeance modeling to sim-
plify the magnetic circuit calculation of FSMs was also investigated in this thesis. It
is shown that the permeability of magnetic material can be adjusted with the use of
MMLC material. Using this feature, the FSM mathematical model is used to show the
impact on electromagnetic performance using MMLCs and is shown to be beneficial.
In order the evaluate the weight benefits of using geared high speed FSMs, the
planetary gear systems are studies and their design constraints have been identified.
An abstract form of weight estimation for given torque and speed requirements has
been developed and validated using commercially available planetary gear specifica-
tions. FSMs together with gear boxes have been considered and it is shown that
significant weight savings can be achieved at higher diameter and at high speeds.
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Abstract 2
Flux switching machines , High-Speed machine, Geared Drives, Multi magnetic
core materials, Finite element analysis, Magnetic equivalent circuit model, weight
estimation
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Chapter 1
Introduction
1.1 Background
High-speed machines (HSMs) have been researched and developed for applications
such as electrical turbochargers, aero-engine electrical power generators, high-speed
machine tools in addition to high speed turbine power generation systems. [16–23].
The recent advancements in HSMs are driven by the need for compactness and
portability. The authors of [24] emphasize that the use of HSMs with the elimination
of mechanical transmission in drive systems, resulting in the benefits of high efficiency
and low maintenance costs.
The number of studies on the development of high-speed machines have risen con-
siderably, however application of high speed machines with gearing for low-speed ap-
plications have not been studied extensively to-date.
Based on the relationship between the electromagnetic, mechanical and thermal
aspects of the machine’s in [24, 25], HSMs design is always recognized as a difficult
task, while the machine’s electromagnetic efficiency is also limited by the capacity of
the material. Soft magnetic material status and trends in electric machines have been
discussed in [26]. Due to the low mechanical strength of SMC, the authors of [27] have
proposed the combination of hard ferrite magnets and soft magnetic composites in an
axial flux machine. Many researcher have developed different motors based on SMC
by using solid core and lamination steel together, such as induction motors, transverse
flux motor [28–30], claw pole motors [31–33], axial field motor [34, 35]. The other
advantage of having SMC in high-speed machines is low eddy current loss. SMC also
has a significantly greater total loss than electrical steels at low frequencies in [36].
Authors of [37] have introduced loss coefficient characterization for high frequency in
4
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electrical machine applications up to 4 kHz. The authors of [38, 39] and [40] have
been used Epstein frame for core loss characterization at high frequency up to 6kHz.
The authors of [41] have been used SMC cores to reduce Iron losses within 1 KHz
frequencies range.
Apart from material concerns, the high speed rotor also brings in few design con-
straints. Hence a subtle design compromise between the various multi-physical areas
of the machine must be accomplished in order to achieve a appropriate HSMs scheme
[42]. On the other hand, some issues that can be ignored in conventional speed ma-
chines have a critical effect on HSMs performance. With increasing machine speed, the
alternating frequency of the rotating magnetic field in the machine core is significantly
improved and can reach hundreds of Hz (sometimes up to 10 kHz). The properties
of magnetic materials and the power loss distribution can be greatly influenced by
these high frequencies. Although it is possible to obtain the merit of high power den-
sity per volume, the power loss per volume in HSMs is also considerably increased.
Furthermore, the response between the rotating HSMs increases the frictional loss
significantly.
Precisely estimating HSMs power losses is therefore critical, to maintain a stable
operating state. Hence the working temperature of the machine should be regulated
within a sensible range and steps taken to prevent the issue of overheating.
The main challenges in the design of HSMs can be summarized as follows:
I. Need for better core material to achieve low losses in HSMs
II. Need for mathematical models to achieve better controllability and rapid design
III. Need for better understanding of the package weight for a better understanding
of the package weight of geared HSMs delivering high torque and low speeds
1.2 Flux switching machines for high speed appli-
cations
DC machines, Induction Machines (IMs), Permanent Magnet Synchronous Machines
(PMSMs), and switched reluctance machines (SRMs) have been researched for high
speed applications. In recent years, flux-switching machine (FSMs) have emerged as
an attractive option for application in high speeds compared to conventional electric
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motors due to its simple, robust rotor in addition to the location of all excitation
sources being in the stator.
Additionally, FSM has the advantages of high output torque, low-cost power con-
verter, high speed, easy to control, relatively low-intensity vibration and acoustic noise
[43, 44]. Therefore, FSM catches the attention of industries for applications where a
huge amount of torque is required [45]. Also, FSPM is attractive due to several domi-
nant features of physical compactness, robust rotor structure, higher torque and power
density, and high efficiency. So, FSPMs with different configurations have been pro-
posed for a wide range of applications, from low-power axial fans [46] to oil breathers
[47] and from traction [48, 49] to more-electric aircraft [50]. Besides, this kind of ma-
chine has fault-tolerance capability under one-phase-fault condition, which can meet
the increasing requirements of system reliability [51].
The concept of FSMs was developed in the mid-1950s. The word "flux switch" rep-
resent the concept where the flux path switches following the motion of a salient pole
rotor. Flux-switching machine comprises of a non-wound rotor without permanent
magnets and a stator with phase excitation winding.
FSMs can be classified into the following types such as Permanent Magnet Flux-
Switching Motor (PMFSM), Field Excitation Flux Switching Motor (FEFSM), and
Hybrid Excitation Flux Switching Motor (HEFSM) as shown in Fig.1.1.
These are further discussed in Chapter: 2. Considering the current state of the art
and potential for development, FSMs can be considered as the option that needs to
be further investigated. As a result, this thesis is focused on FSM design.
1.3 The core material for High speed machines
The use of new types of material for electrical cores for electrical machines has pro-
gressed considerably over the past few decades [28, 52–55].
The author of [56] has recently developed characterization of soft magnetic mate-
rials for high-speed machine design. The design factors of an electric motor with soft
magnetic composite cores were examined by the author of [54].
The authors of [57] compared grain-oriented Si-Steel 35Q145 and non-grain-base
Si-Steel 35WW250. The research presented in [58, 59] replaces standard Si-Steel cores
with amorphous cores, which is shown to reduce no-load losses.
The most commonly used magnetic materials for HSMs include pure iron and its
alloys, such as Fe–Ni, Fe–Ni–P, Fe–Nd–B and Fe–Si and soft and hard ferrites, such
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as Ni–Zn, Mn–Zn and Ba ferrites. The authors of [69, 71], in their studies introduced
latest evolution in magnetic materials, such as amorphous alloys, noncrystalline and
soft magnetic composite core (SMCs). The SMCs in [66, 67], such as Iron-Resin and
Fe-Ni were rarely employed due to their characteristics, such as magnetic permeabil-
ity, mechanical strength. However, the development of new forming techniques has
overcome those types of material constraints. These material characteristics, which
have been discovered as brittle and not sintered (the process of coalescing a powdered
material into a solid), are achieved by the use of a binder like LB1 additives for such
material strengths for electrical machinery, using in [74, 75] of stress reduction to the
limit of temperature set by coatings. Particles of Ni3Fe with a polymer binder in
particular produce composite materials and are compacted into [76] toroid shape with
excellent SMCs like characteristics in [77].
There are considerable difficulties in implementing high-speed electrical machines
with soft magnetic material, such as high volume losses, heat and vibration and struc-
tural issues in [40, 61].
Recent research addressing few of these key issues are highlighted in Table. 1.1
and Table. 1.2 respectively with quantitative comparison. From the Table. 1.2, it is
seen that all HSMs (except the CPIM motor and IM motor) have low efficiency, which
is far less than that provided by the PM motor.
The PM motor is highly effective with an amorphous alloy core relative to other
Electric Motor
DC Motor AC Motor
Switch Reluctance 
Motor (SRM)
Synchronous 
Motor (SM)
Asynchronous Motor 
/ Induction motor (IM)
Permanent Magnet 
SM (PMSM)
Field Excitation
SM (FESM)
Hybrid Excitation
SM (HESM)
Flux Switching
Machine (FSM)
Permanent Magnet 
FSM (PMFSM)
Field Excitation
FSM (FEFSM)
Hybrid Excitation
FSM (HEFSM)
Fig. 1.1 Classification of Motor types
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Table 1.1 HSMs Design Constraints
HSMs
Con-
straints
Work Summary Objective References
Low Loss
Frequency
Permanent magnet machine (PM)
intended to be used with a lower fre-
quency loss calculation
losses charac-
terization [60]
Measurement of rotational magnetic
losses at low frequency
Loss opera-
tion [61]
Medium frequency measurement un-
der alternative field in soft magnetic
laminations
Measurement
of magnetic
material Loss
measurement
[62]
Loss measurements in frequency
range from 2Hz to 200Hz MaterialLosses [63]
Frequency analysis for soft magnet
composite material in 2D testing
and 3D testing in the kHz range
Magnetic
losses in soft
magnetic
composite
[64, 65]
Mechanical
Strength
Rotor strength assessment by dis-
placement method for HSMs.
Strength
analysis
[66]
Analysis of strength of soft magnetic
alloys for HSMs [67–69]
Selection and analysis of soft mag-
netic composite materials Implica-
tions for electrical machines
[70–73]
motors [78]. On the other hand, AFPM with SMC has high efficiency [35].
The output of the Permanent Magnet Brush-less Direct Current (PMBLDC) ma-
chine with SMCs presented in [79] at a speed of 60000 rpm while a BLDC motor
has been presented [80] at a speed of 8000 rpm, 700W power. Above mentioned re-
search recognize that using new types of core material with application to high speed
machines can offer important benefits.
Table 1.2 summarizes the use of non-conventional magnetic material in HSMs and
compares the performance.
1. Introduction 9
Table 1.2 Comparison of HSMs in literature with different material and performance
Reference Types of HSMs Power [W ] Speed[rpm] Efficiency
[81]
Permanent magnet brushless
direct current (PMBLDC) mo-
tor
800 60000 90%
[78]
Permanent magnet brushless
direct current (Permanent
magnet (PM) motor made of
amorphous alloy (AA)
20k 2500 95.5%
[35] AFPM with SMC 5k 1000 94.5%
[82] Claw pole PM motor withSMC 560 1800 76%
[29] PM Transverse flux motorwith SMC 640 1800 79.5%
[29] SMC Claw Pole Motor 500 1800 81%
[31] CPIM with SMC 212 960 66%
[83] IM with SMC 800 - 70%
[79] PM Motor with Power Mag-netic Core 800 18000 73%
[80] Brush-less DC Motors Made ofSMC 700 8000 90%
Different HSMs topologies can be found to suit certain applications such as an
18/12 poles SRM machine developed in [84] low cost and achieve 56.4 Nm/L torque
density at the base speed for the hybrid electrical vehicle. A Flux switching syn-
chronous machine [85] for high-speed electric vehicle applications have also been in-
vestigated with the intention of maximum torque of 210Nm with a reduction gear ratio
of 4:1, maximum power density more than 3.5KW/kg for LEXUS RX400h. Nowadays,
majority of the researcher across the world involved research by reducing and analyze
losses to improve the performance of the HSMs [86, 87]. There are several meth-
ods to developed machine performance and reduce the losses, especially for core-loss
measurement. Analyzing losses like ; core-loss measurements owing to magnetic flux
non-uniformity in a machine is very challenging. Based on Steinmetz parameters in
[88], a core loss calculation was made under the DC bias condition. However, this
method has a significant drawback only valid for limited frequency and flux density
level.
1. Introduction 10
1.4 The Concept of Modeling and Design of HSMs
In this research, the review design challenges associated with HSMs and the research
efforts to address these challenges. For example, the increased iron losses resulting
from high frequency flux variations require thinner lamination. Different core design
techniques have been proposed and we have compared these research efforts and pro-
vided a comparison of results from the authors own work. The design procedure of
3-phase, 12/10 FSPM machines and initial stator and rotor design are introduced in
this research. Magnetic equivalent circuit (MEC) modeling of the FSMs has been
proposed in this study. A simulation technique is developed which can be applied to
model any combination of stator teeth / rotor pole. The air-gap permeance between
one rotor pole and one stator tooth and its variation with rotor position. This mod-
ular MEC model is then used to implement a complete FSM model, which iterates
for all rotor poles and stator teeth combinations in an FSM. The parameterisation
of a combination of a single rotor pole / stator tooth was introduced. The existence
of various flux tubes between the rotor pole and the stator tooth-parts is defined in
detail and the mathematical model of the flux tube is derived. The combination of
the single rotor pole / stator teeth is then used iteratively to model the permeance of
all combinations of rotor poles / stator teeth. The proposed MEC modeling technique
is simulated in time-stepped form and contrasted with the outcome of simulation of
Finite Elements. In the Chapter. 5 this model is then used to determine the effect
of material properties and to assess the machine’s total weight with gearing. The de-
sign of FSPM machine’s structure and operation principle, FSMs modeling and FEM
analysis of FSMs are describe in Chapter.3 and Chapter.4 respectively.
1.5 Problem Statement
HSMs are very crucial in terms of machine design. Machine strength and dynamics are
especially important in studies into HSMs design. The objective of machine strength
assessment is to ensure that when the machine is functioning at high speed, the me-
chanical integrity of machinery is maintained and better core material can be chosen.
This can be achieved.
The characteristics of the appropriate materials are determined and guaranteed by the
parameters of mass and size and strength, reliability and efficiency of electrical high-
speed and ultra high-speed electrical machines. Parameters such as material strength
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and reliability determine the properties of the materials to be used in HSMs. The
selection of materials with the required characteristics in the HSMs design method
should therefore be provided unique attention. In the 1950s, soft magnetic composite
material (SMC) was introduced in electrical machine research and since then rapid
progress has been made in terms of increased power density, efficiency and porta-
bility in which the magnetic property of the core material has an important role to
play. A popular practice for achieving the required material magnetic characteristics
is micro-scale refinement of the key material. Due to its minimum eddy current loss
and comparatively small total core loss at higher frequences, the use of SMCs materi-
als in electrical machines has earned enormous attention. The authors of [81] creates
HS low-power PM motor with amorphous Metglas-2605, alloy, there is no comparison
with alternative materials in the research. It is shown that the motor’s effectiveness
attained 90%. The impact of 3% Si-Steel material NO20 compared to normal grades M
600-100A, M400-50A and M330P-50A is examined in [89]. It is demonstrated that the
composition with M330P-50A achieves the highest power density and the maximum
efficiency was for the NO20. On the other side, cobalt-iron (Co-Fe) alloy material is
used in aerospace and defense-related electrical devices in [90]. This is primarily owing
to the high temperature circumstances that are prevalent in such applications and in
particular the high flux density of the alloy material of Co-Fe which can minimize
weight. Another key material such as SMCs are also commonly used in industrial
drive applications in [91–94] and also in automotive applications in [95–97] owing to
their small losses. Other key materials such as SMCs are also commonly used in in-
dustrial drive applications in [91? –93] and in automotive applications in [95–97] due
to their small losses. SMC material is well known to have several benefits, including
low core loss, high efficiency. However, the researchers presented Hiperco-50 (Co-Fe
alloy) and conventionally unoriented Si-steel 35A300 in his research [98] to design the
switched reluctance motor. It is shown that a switched reluctance machine based on
Co-Fe achieves greater efficiency compared to a model based on Si-steel.
HSMs technology is quickly growing and provides numerous advantages from conven-
tional quality, including reduced work time, mechanical stress, reduced heating, the
use of smaller tools etc. The quantity of studies in this area has risen considerably
in the sector of this requirement of HSMs [99–102]. The amount of studies in this
sector of the HSMs has increased significantly [99, 101, 102]. Furthermore, HSMs is
the correct solution for machining cast iron with pottery inserts, composite material
and other materials for automotive and aerospace function. There are various options
1. Introduction 12
Range Extention
Po
w
er
 (k
W
)
Output speed (rpm) Output speed (rpm)
To
rq
ue
 (N
m
)
Ra
ng
e 
Ex
te
nt
io
n
Fig. 1.2 Power and torque range extension with a gearbox
for aligning the traditional machine appliance with HSMs, providing the best value for
money to improve an existing lower-speed machine tool, and saving a lot of investment
in new machinery. Mechanical gearboxes are one of the cheapest choices. The gearbox
are created in a multitude of machining procedures with demonstrated performance.
In summary, mechanical gearbox is a low-cost alternative that enables a standard
machine tool’s speed to be increased to HSMs speed. The gearbox are created in a
multitude of machining procedures with demonstrated performance. Although the
gearbox design has been explored in depth over the past many years research. The
application of HSMs with gearing in a low-speed application has not been studied
much. It is known that machine tools can not supply high torques at their full speed
unless the machine is too large. However, the requirements of such an large motor
that the machine’s speed range is compatible not only enhance the machine’s cost but
also the operational cost owing to higher energy consumption. Moreover, the engine
weight would exceed the weight of a motor and gear box combination. Therefore, it is
essential to select appropriate gearboxes. One of the best candidates for this purpose
is the planetary gearbox, which enables the machine tool gearbox drive motors to ex-
tend the constant power range. Chapter ?? discusses the information of the planetary
gearbox. This power and torque range expansion is shown in Fig. 1.2. From the above
introduction, we can conclude that HSMs are considered a desirable and promising
type of machine with benefits such as high power density, high efficiency, small size
and compact structure.
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1.6 Rational for the Research
The rationale for this research is defined with the following three research questions.
1.6.1 Research Question 1 (RQ1)
How can FSMs be mathematically modeled to be able to accurately predict
the torque production for given physical size, material, and operating
conditions?
Methodology under RQ1
The research methodology for RQ1 is displayed in Fig.1.3. The RQ1 focuses on
the development of an FSM model. The figure shows the flowchart describing the
process.
Analytical Analysis
MEC model
Parametrisation
Investigate validation
of  MEC model
Comperison between 
Analytical analysis and 
FEM anlysis
Developed FSMs 
model
A
na
ly
tic
al
 A
pp
ro
ac
h
Design FSMs in
Ansys maxwell
Selecting the appropriate
design perameters
FEM performace 
analysis: No-load, Full Load
Sim
ulation A
pproachNo
Yes
Calculate stator and rotor
2D dimensions
Fig. 1.3 Flowchart describing RQ1 methodology
Research Contributions under RQ1
The technical contributions related to RQ1 resulted in the following published
conference papers:
1. S. Saha, N. Fernando, R. Jayarajan, and L. Meegahapola, "FSM Stator Tooth
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to Rotor Pole MEC Modeling and Full Machine Simulation," in 2019 IEEE 28th
International Symposium on Industrial Electronics (ISIE), 2019, pp. 330-335: IEEE.
In this study, the magnetic equivalent circuit modeling (MEC) and simulation of
flux switching machines (FSMs) that can be applied to an FSM with any number of
rotor poles and stator teeth. The paper focuses on modelling the air-gap permeance
between one rotor pole and one stator tooth and its variation with rotor position.
This modular magnetic equivalent circuit (MEC) model is then used to implement a
full FSM model iterating it for all the combinations of rotor poles and stator teeth in
an FSM. The full MEC model is simulated and the results are compared with finite
element simulations.
2. N. Fernando, I. U. Nutkani, S. Saha, and M. Niakinezhad, "Flux switching ma-
chines: A review on design and applications," in 2017 20th International Conference
on Electrical Machines and Systems (ICEMS), 2017, pp. 1-6: IEEE.
This study reviews recent trends in the application of flux switching machines
(FSMs) in industry, the variation in FSM designs and control strategies to achieve en-
hanced performance. FSMs offer advantages such as high torque density, high speed
capability, ease of control and low vibration and acoustic noise compared with com-
peting technologies. These features enable FSMs to be applied in transportation,
renewable energy and aerospace applications. However, the high cogging torque is
found to be a negating feature of the FSMs that can be exacerbated by manufactur-
ing tolerance issues. Design techniques developed to achieve lower cogging torque,
in addition to lower back-EMF harmonics and higher torque density is reviewed in
this paper. In addition, the design for fault tolerance, field weakening and high speed
operation and the use of special magnetic material for FSMs have been reviewed. Con-
trol strategies developed for torque ripple minimization, fault tolerant operation and
strategies to estimate and control FSM field flux has also been reviewed.
1.6.2 Research Question 2 (RQ2)
How to effectively use the concept of multi-magnetic material laminated
core (MMLCs) and the implications of MMLCs in FSM design?
The magnetic material characteristics and its use in FSMs are explored under this
research question. The first objective was is to investigate the parameters of the core
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materials. For this, a laboratory testbed was developed to determine different core
material characteristics. The resulting properties were used to explore the material
characteristics of MMLCs in simulation. The second objective was to investigate
the MMLC properties for the design of FSMs. This was performed by using the a
mathematical model developed in RQ1.
Methodology under RQ2
The research methodology for RQ2 is shown in Fig.1.4. Firstly the core materials
were characterized individually as well as in an MMLC arrangement. The characteri-
zation experiments involved a variety of measurements. The experiment data analysis
was performed using MATLAB. The resulting BH curve from an experimental method
was used post-processing in a 2D FE simulation to explore the validation of the MMLC
Concept. FE simulation was used to confirm the MMLC properties. The figure shows
the flowchart describing the process.
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Modelling the 
        MMLC
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Investigate validity of 
resulting hysteresis loop obtained from 
practical approach by replacing 
MMLC
FEM simulation and collecting
results
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Practical A
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Fig. 1.4 Flowchart describing RQ2 methodology
Research Contributions under RQ2
The technical contributions related to RQ2 resulted in the following published
conference Papers:
[1.] S. Saha, N. Fernando, and L. Meegahapola, "Multi magnetic material lami-
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nated cores: Concept and modeling," in Electrical Machines and Systems (ICEMS),
2017 20th International Conference on, 2017, pp. 1-5.
In this study, the concept of a multi-magnetic material laminated core (MMLC)
has been introduced. To developed electromagnetic devices using the MMLC con-
cept, homogenized material properties representing the effective performance of the
MMLC is required. The strategy to homogenize the B-H characteristics was also inves-
tigated. The B-H characteristics homogenization strategy is experimentally validated
using the B-H curves of two core material, namely an iron-power toroidal core and
a nanocrystalline toroidal core. Then the MMLC effective B-H characteristics have
been obtained by a parallel arrangement of the two cores. The modeling strategy is
validated by comparing the experimentally obtained B-H curve with that of the ho-
mogenized B-H curve obtained using the two-individual core B-H curves. The core
loss homogenization strategy considering weight fractions is introduced. The use of
curve fitting to produce a homogenized hysteresis loss of an MMLC with two core ma-
terials has been numerically investigated. The feasibility of the curve fitting approach
is demonstrated and is shown to fit the MMLC’s effective losses to the conventional
Steinmetz form of the loss calculation model.
1.6.3 Research Question 3(RQ3)
How can the high-speed machine with a mechanical gear compare with a
low-speed machine without gearing?
The implications of mechanical gearing with high-speed machines are focused on
this research question. The fundamental principle of gear operation and the design
limitations of high torque density gears have been studied. Thereafter, the gear
design principles are investigated using FE analysis and an abstracted form of sizing
of planetary gears is presented and validated using commercially available planetary
gear specifications. High-speed FSMs coupled together with gear are analyzed and
are effective to achieve lower weight has been presented.
Methodology under RQ3
A flowchart describing the research method to address RQ3 is shown in Fig.1.5. An
analytical approach has been considered to evaluate planetary gears and their weight.
As it can be seen from the figure, analytical modelling of the planetary gear and FEA
based gear stress analysis has been used in the process. Subsequently, FSMs coupled
together with gear has been analysed and compared with and without gearboxes.
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Fig. 1.5 Flowchart describing RQ3 methodology
Research Contributions under RQ3
1. S. Saha, N. Fernando and L. Meegahapola, “Comparative performance analysis of
High Speed coupled gear machine with low speed machines,” (Under Preparation)
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1.7 Aim and Objectives
Based on the identified research gaps of the research in past work, the main research
questions have been extracted in this thesis. There are three aims of the research
presented in this thesis, addressing the identified research questions. The first one is
to proposed a mathematical model of FSMs for accurately predict the performance
analysis. The methodology is referred to as magnetic equivalent circuit modeling
(MEC). The second aim is to propose MMLCs material concept and implications
MMLCs in FSM design. The methodology is referred to material characterization and
experimental validation of the MMLCs. The third aim is to define by comparison the
possible options for a high-speed machine with a mechanical gear and a low-speed
machine without gearing. The methodology is referred to weight estimation process
and validate results using commercially available model.
1.8 Thesis Organization
The following flowchart summarizes the overall structure of the PhD and work per-
formed.
Chapter: 2 provides background information and a literature review on flux switch-
ing machine, and we also review the current state of the art related to the applications
of FSMs, design variations of FSMs and the use of magnetic material in FSMs.
In Chapter: 3 the technical contribution related to the research question 1 (RQ1)
is presented. This is achieved by the modeling of FSMs using Magnetic Equivalent
Circuits. This chapter also introduces the modelling of variable lumped elements to
model different flux tubes within the air-gap with varying rotor position.
In Chapter: 4, RQ2 has been addressed. The use of multi-magnetic laminated cores
(MMLCs) modelling techniques and experimental validation of the B-H characteristics
have been considered. MMLC loss homogenization is also presented in this chapter.
The impact of using MMLCs on electromagnetic performance has been evaluated using
the MEC model developed in Chapter: 4.
Chapter: 5 addresses RQ3. Considering design constraints of a mechanical gear
and a survey of commercially available gearboxes, an abstract form of estimation of a
gearbox weight for a given length and size has been developed. This is then used to
evaluate the weight and size of geared FSMs
In Chapter: 6 concludes this thesis and summarizes the contribution. The insight
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Fig. 1.6 Flowchart describing the work undertaken in the PhD
gained from this research and possible future work are also presented in final chapter
of the thesis.
Chapter 2
Literature Review and FSMs
Design Criteria
2.1 Introduction
This chapter reviews the application and the design of flux switching machines (FSMs)
in industry and the variation in FSM designs to achieve enhanced performance. In
comparison with the closely related switched reluctance machine (SRM), the FSM is
considered to offer added advantages such as higher torque density [103], high-speed
capability [104], low vibration [105] and acoustic noise [106]. FSMs can be designed for
high output torque, high speed, ease of control and relatively low-intensity vibration
[105, 107].
FSMs may have a permanent magnet (PM) excitation, a field excitation winding
(FEW) or hybrid excitation (PM+FEW). FSMs with PM excitation achieve high
torque density, however, they may not be capable of extended speed operation due
to voltage limitations. By incorporating FEW, extended speed operation has been
demonstrated in [108].
FSMs have a fault-tolerant capability under phase faults, which meet requirements
of system reliability in safety critical applications. The rotor of an FSM is salient and
has a robust structure without winding or any PM material. As the PMs are located
on the stator, the temperature rise of the magnets can be controlled easily.
These features enable FSMs to be applied in transportation, renewable energy, and
aerospace applications and are reviewed in the following sections. The techniques used
to address design issues in FSMs, namely strategies used to lower cogging torque and
to lower back EMF harmonics are illustrated in this literature review. Furthermore,
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the design for fault tolerance, field weakening and high-speed operation and the use
of special magnetic material for FSMs are considered in this review.
The rest of the chapter is structured as follows: Section.2.2 exemplifies the Flux-
swithing machines and its application. The design variations of FSMs is presented in
Section.2.3. Design criteria for FSMs are presented in Section.3. FSM configurations,
size, diameter and pole selection are presented in Section.2.5. Finally, conclusions are
summarized in Section.2.6.
2.2 Flux Switching Machine Applications
2.2.1 Traction Applications
Fig. 2.1 Lighter PMFSM for EV application figure [1]
FSMs can be used in harsh operating environments, such as aerospace, automo-
tive, marine applications [109–111]. To alleviate urban pollution and traffic jams,
electric-propelled light traction vehicles provide ideal solutions owing to zero tailpipe
emissions and great agility in traffic. The authors of [1] developed a outer rotor FSM
for EV applications shown in Fig. 2.1 and is shown to be well suited for direct drive
applications due to the robust rotor construction. Only light EV applications [1] were
recommended with the use of in permanent magnet flux-switching machines (PMF-
SMs).
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With the rise of public interest in electric vehicles, in-wheel traction has become an
attractive concept as it brings a high degree of simplicity and stability to vehicle system
design [112, 113]. In-wheel traction concepts, traction motors are placed inside or aside
the wheels of an electric vehicle. It is therefore possible to remove the differential axle.
Thus, the drive train is simplified resulting in extra space and higher freedom in car
design [113, 114]. However, because of the high torque requirements, this traction idea
presents a challenge for the electric machine design.
FSMs provide sinusoidal back-electromotive force (EMF) and high torque at low
speed. The authors of [115, 116] developed a hybrid excited FSMs, which provides high
torque levels with a reduced inertia and ease of controllability in traction applications.
Nevertheless, the field-weakening potential of these form of FSM is still limited because
of the risk of permanent magnets becoming demagnetized. To overcome, the magnet
demagnetization, different topologies of hybrid-excited FSM are introduced by the
authors of [117, 118]. FSMs for traction applications have also been investigated with
the intention of higher performance [116].
PM linear motors have been introduced in the urban rail transit (URT) applications
by the authors of [119], to achieve high torque and high motor efficiency. However,
due to the excessive length of the stator, a large number of magnets or armature
winding’s are required for the stator. On the other hand, the linear structure of the
FSPM (LFSPM) motor [120–122] and DSPM (LDSPM) motors [123] are suitable for
long stator applications where both the PMs and armature winding’s are located in
the short mover, whereas the long stator consists only of an iron core. Furthermore,
to solve the drawbacks such as the asymmetrical magnetic circuit and large cogging
force in the existing LFSPM and LDSPM, modular linear FSPM (MLFSPM) and
complementary linear DSPM (MLDSPM) have been proposed and investigated in
[124], respectively. The structure, operating principle and steady state features of the
new LFSPM modular motor were discussed by the authors of in [125].
2.2.2 Application in renewable energy systems
FSMs have been studied for multiple renewable power generation applications.
Axial type of FSM have been proposed for wind power generation [45, 126]. Com-
pared with radial field machines, the axial type FSM has lower manufacturing com-
plexity [127]. As the manufacturing complexity decreases, the axial FSMs may develop
potential to increase in demand. Axial FSMs are smaller size and higher power density
compared to radial field machines [127].
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FSMs have also been investigated for ocean wave energy harvesting [128, 129].
Conventional wave generation systems use rotational electric generators require com-
plex gearing. However, linear generators can be directly driven by the reciprocation of
sea waves, which are more efficient than the conventional rotational generation due to
lower number of mechanical stages. However, linear generators can be directly driven
by the reciprocation of sea waves, which is more efficient than rotational generation.
In [2], a novel linear generator based on FSM concept named permanent magnet flux
switching linear generator (PMFSLG) is presented for wave power generation shown
in Fig. 2.2.
Fig. 2.2 Wave generation structure based on linear FSMPMs in [2]
The authors of [3] propose a linear tubular superconducting flux-switching gener-
ator, using MgB2 tape as its DC superconducting field winding’s and AC supercon-
ducting armature winding’s for wave energy extraction illustrated in Fig. 2.3.
Compared to the PM flux-switching linear generator (PMFSLG) with the perma-
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Fig. 2.3 Structure of the flux-switching generator and superconducting winding’s in
[3]
nent magnets (without a FEW), the air gap flux density of the proposed machine is
higher and controllable. Also, the tubular structure helps to lower the lateral edge
effect. By using a multi-tooth structure, the authors of [3] achieve an increase in the
rate of change of the magnetic field and thereby higher power density of the proposed
linear tubular superconducting flux-switching generator.
2.2.3 Application in aerospace industry
FSMs offer many opportunities to meet the challenges in the application of machines in
aerospace industry. A key factor is the number of phases. For example in high-power
machines, high phase numbers are often preferred since for a given total power, a high
phase number offer decreased inverter power ratings per phase, which may well be a
better fit with available semiconductor technology. Further benefits include improved
direct torque control performance due to the increase in the number of voltage vectors
which can be applied [130, 131] and improved fault tolerance because of the higher
proportion of residual capability in the event of a faulted phase [132]. In [4], a dual-star
FSPM motor is applied to control the variable stator vane (VSV) of aircraft because
of its high torque and power density as well as its simple rotor structure shown in Fig.
2.4.
Additionally, the flux switching machines are considered in [133–135] for high shaft
speed and minimum weight in the field of airborne applications. The authors of
[136],emphasize the added benefit of the hybrid FSMs for aerospace due to the in high
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Fig. 2.4 Dual-star FSPM motor with simple rotor structure in [4]
torque density, high speed in addition to fault-tolerance [137–140].
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2.3 Design Variations of FSMs
The design of an FSM involves optimization of the machine to achieve sinusoidal back-
EMF / minimization of back-EMF total harmonic distortion (THD), lower cogging
torque, and enhancement of torque density. The different design strategies adopted to
achieve these objectives are reviewed in this section.
2.3.1 Cogging torque and Back-EMF THD minimization
The most important parameter in the design of FSPM machines is cogging torque.
The cogging torque of a FSM is extremely difficult to predict by using analytical means
[7]. The authors of [141] claim that cogging torque is sensitive to the manufacturing
tolerances. Due to the modular nature of the stator, manufacturing tolerances are
high, and magnetic imbalances are found to cause higher cogging torque than that
predicted by finite element simulations [141].
The authors of [142] show that the rotor pole arc plays an important role in the
reduction of the phase-back-EMF harmonic content and the existence of an optimal
pole arc to reduce harmonic content. The authors of [142] show that this occurs at
a stator to rotor pole arc ratio of 1.4 for a 12/10 FSM. The authors of [5] also claim
that twisted rotor design can achieve symmetric and high sinusoidal back-EMF and
is illustrated in Fig. 2.5.
(a)                                                                                                                      (b)
Fig. 2.5 (a) Twisted configuration of the rotor (b) configuration of the machine with
twisted rotor in [5]
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Cogging torque minimization is also attempted by the authors of [143] by rotor
skewing. However, this approach is shown to reduce torque production capability. A
step-skewed rotor with nearly 64.5% reduction in cogging torque is achieved by step
skewed rotor with a reduction of 4.2% of the average torque output. In contrast,
the authors of [144] investigate a technique referred to as rotor teeth axial pairing
(RTAP). This is undertaken by the axial adjustment of the rotor pole width in a step-
wise function with the axial position. The RTAP technique is shown to reduce the
cogging torque and THD of the back-EMF by approximately 50%.
The authors of [145] investigate the influence of the ratios of the stator and rotor
core circumferential widths to pole pitch on cogging torque and this is also found
to be an influential factor. The authors of [6] investigate rotor pole shaping options
for cogging torque minimization and propose a flange in the rotor teeth as shown in
Fig.2.6. The FE results predicts a 97% reduction in torque ripple at the cost of 5.34%
reduction in average torque production.
Fig. 2.6 Cogging torque minimization (a) Rotor pole width = Stator tooth width (b)
Rotor pole width = 1.4 × Stator tooth width. (c) Rotor pole width= 1.4 × Stator
tooth width with flange. [6]
Alternatively, the authors of [7] propose a stator tooth notching scheme, as shown
in Fig.2.7 to reduce cogging torque. By using appropriate dimensioning of the notches,
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a significant reduction in cogging torque is demonstrated in [7].
Fig. 2.7 Notching scheme to reduce the cogging torque [7]
2.3.2 Torque density improvement
Design for high saliency ratio is the main approach for improving torque production
and thereby the torque density of FSMs. The authors of [8] propose a cutout of an
upper stator core area as shown in Fig.2.8 to deliberately saturate and thereby improve
the saliency ratio particularly of a linear FSM.
Fig. 2.8 Tooth structure of linear FSMs [8]
The authors of [146] investigate multi-tooth FSPM machines for improved torque
density. In a multi-tooth arrangement, the stator pole consists of multiple teeth. The
introduction of a multi-tooth arrangement is known to improve torque density, and
the authors of [146] demonstrate high torque production with only half the magnet
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volume. The optimal rotor pole number is shown to vary with the stator pole number
and number of teeth. The optimal values for split ratio and rotor pole width to pole
pitch ratio are shown to be 0.625 and 0.33 for a four-tooth/stator pole FSPM machine.
The winding arrangement for FSMs has been conventionally a non-overlapping
structure. However, the authors of [147] and [148] show that overlapping windings
improve the flux linkage and thereby achieve higher torque production capability. A
12/16 pole FSM achieves 65.2% higher torque in [147] and a 12/7 pole FSM achieves
nearly 300% in [148] by changing the winding to a full pitched arrangement. The
authors of [149] discover that 6/14 FSPM machines with full pitch winding achieve
90% higher back-EMF and torque production compared with a 6/14 non-overlapping
winding arrangement.
2.3.3 Winding design and fault tolerance
several factors, such as number of turns per coil, series or parallel connection between
coils, wire diameter, and size and packing factor, which determines the amount of
copper in the slot. The amount of turns and how they should be linked would be
established during the load rotation, the voltage and the velocity control requirements.
Like dc machines, the FSMs field can be wound to the armature circuit in shunt or
series. In either a shunt or series, the FSMs field can be wound to the armature
circuit. The winding terminals must be divided and connected to the drive equipment
regardless of the winding setup used within the FSM.
Recent design trends for fault tolerance have introduced variations on the conven-
tional structure of FSMs to achieve enhanced fault tolerance. This is by achieving
physical/magnetic isolation between coils and achieving 1-per-unit inductance [150].
The authors of [150] consider the placement of a space tooth. However, the maximiza-
tion of torque density is considered as a secondary goal in such a design approach. The
spacer tooth also referred to as flux barriers [151] has also been used for minimization
of eddy current losses by 49.6% at the cost of 3.8% lower torque production compared
with the conventional structure.
2.3.4 Design for field weakening and high-speed operation
FSMs used in extended speed applications require a field weakening capability similar
to PM synchronous machines (PMSMs). Unlike PMSMs, the placement of the magnets
in the stator allows flux weakening with techniques that are found to be difficult in
2. Literature Review and Modelling of Flux Switching Machines (FSM) 30
PMSMs. For example, the work in [152] utilize mechanical flux weakening by using the
flux diverter concept where the PM flux is short-circuited. This is achieved in FSMs
by the placement of the diverter. The authors of [152] show that the appropriate use
of the flux diverter improves efficiency by at least 4% for a 10kW FSM.
FSMs have also been designed for high-speed operation. However, the 12-slot stator
design is found to be commonly adopted due to lower cogging torque and relatively
balanced back-EMF waveform production. However, at high speeds, a lower pole
number is preferred to achieve a lower fundamental frequency. The authors of [153]
consider 6-stator slot 4-rotor-pole topology and achieve a reduction in the use of core
material by 40% and magnet volume by 13%. However, the penalty on efficiency has
not been considered. The same authors in [154] further extend the 6-stator slot 4 rotor-
pole concept with a dual stator arrangement to minimize the unbalance conditions and
achieve a 55% reduction in back-EMF THD and 76.4% reduction in cogging torque at
the cost of an 11.5% increase in torque.
The excitation field in FSPM machines is fixed by the PM field. Hybrid FSMs
have been developed with the PM and a field winding placed in parallel. This allows
control of the excitation flux and field weakening capability. The authors of [155]
investigate the placement of flux bridged between the magnets and field coils. This is
shown to improve the effectiveness of the field coil excitation, however at the cost of
reduced torque density of the overall machine.
2.3.5 Design Consideration of FSMs for high-speed operation
High Speed (HS) FSM design typically adopt a low pole pair number not only to meet
the switchable frequency needs, but also to reduce high-frequency losses, such as iron
loss and magnet eddy current loss. The research study in [87], found that conventional
6/7 (stator slot / rotor pole) and 6/5 topologies have large unbalanced magnetic forces
(UMF) that place high mechanical stress on the machine and generate vibrations and
noise which is not suitable for high-speed operation.
On the other hand, in [87, 156], the author has discusses the advantages of selecting
the rotor pole and stator combinations of high speed FSMs, but in most topologies,
the number is greater than or equal to 10 rotor poles. In these studies, the researchers
concluded that when using the rotor pole numbers 10 and 13, they had low eddy
current and iron loss compared to the lower numbers of rotor pole.
Moreover, the FSM has the benefit of HS operation, which is one of the most
promising topologies for flux-switching stator-mounted PM synchronous machines re-
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search, as discussed in [157], while the torque density of FSPMs is comparable with
standard PM [158–160]. In these study the author also discovers that for high-speed
applications, simple rotor structure, short winding terminals and thermal control with
stator magnets is much easier for FSPMs.
2.3.6 Magnetic material in flux switching machines
The selection of lamination steel used in an FSMs depends on its switching frequency.
Low-loss steel would be needed for high-speed applications to obtain high effective-
ness, while a extremely permeable steel is better for low-speed high-power density
applications. The steel selection determines the quantity of iron losses anticipated in
the machines, although the iron losses can be lower if the issue is closely handled in
the machine lamination design.
The FSMs have potential for mass application due to their competitive power
and torque density. The use of the soft magnetic composites (SMCs) in electrical
machines have undergone significant development due to its very low eddy current
loss and relatively low core loss at higher frequencies. The authors of [161] emphasize
the added advantage of FSMs, due to low manufacturing cost and propose a 3-D flux
transverse flux-switching permanent magnet machine (3DFTFFSPMM) with SMC
cores and ferrite magnets for the compressor system. The proposed design idea of
this research is that the magnets and coils are placed on the stator, and there is
no winding or magnet on the rotor. A very similar topology of the flux switching
transverse machine was developed in [162] with reduced cogging torque.
Axial FSMs also require extra consideration due to the 3D design of the core and
therefore, will benefit from the use of alternative materials. For example, SMCs al-
lows complex three-dimensional core designs to be manufactured at a low cost due to
its powdered formation and also have isotropic magnetic properties. Additionally, a
675W FSM motor was developed with an SMC core and Ferrite permanent magnet
in [163] for a very low cost and achieves 80% efficiency. Such designs open the mar-
ket for domestic household applications such as electric fans, washing machines, and
refrigerator compressors where performance and cost are critical.
Research efforts such as those in [164] employ radial and circumferential permanent
magnets to reduce flux leakage in the outer region of the stator, thereby maximizing
the utilization of magnetic material, which leads to improved efficiency.
The cost of traction machines, also discussed in Section 2.3.6 are impacted by the
use of rare earth materials. Typically the interior PM synchronous motors (IPMSMs)
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are used for traction applications in EVs. However, IPMSMs typically require ex-
pensive rare-earth PM material, FSMs can be designed in hybrid structure thereby
reducing the rare-earth material content. For example, FSMs using cheaper Permanent
Magnets and wound field flux switching machines (WFFSM) have been remonstrated
in [165].
In [136], a 2-kW ferrite FSPM machine capable of operating up to 11,000 rpm
was investigated for an aerospace implementation due to the reduced cost of ferrite
permanent magnets compared to rare earth permanent magnet products. In these
research studies, the authors confirm that, FSPM machines using ferrite permanent
magnets give a more cost-effective solution. Therefore, it can be said that the ability
to use the electromagnetic properties of materials to achieve desirable characteristics
of FSPMs make it an excellent candidate for high speed operation.
2.4 Design Criteria of Flux Switching Machines
(FSM)
Flux Switching Machines (FSMs) are a relatively modern technology that provides
several advantages in specialized applications. FSMs offer high torque density and a
robust rotor design which has attracted interest. This Chapter will provide the current
state-of-the art developments in FSMs technology on several aspects such as design
topologies, FSMs Configuration, FSMs size selection, pole selection, torque density,
core Material selection and cogging torque aspects on recent research efforts. FSMs
have a unique structure via combining the armature and field excitation sources in the
stator [115] whilst the rotor has winding-less structure which enhances the mechanical
robustness of the rotor and lower rotor cooling requirements. Different FSM topologies
can be found to suit certain applications and functions. Majority of such applications
consider reduction of the total mass and improving the performance.
After that, much more research has been conducted based on design variations, op-
timization, and analytical analysis of FSMs. Research attempts such as the researcher
of [166] use permanent magnets for radial and circumferential flux leakage in the exte-
rior area of the stator to maximize the use of the magnet material leading to enhanced
efficiency. Such developments in core design and strategies used for enhancement of
performance also reviewed in the next chapter. FSMs can also be designed in the form
of internal rotor or as an outer-rotor design. It has been found that despite the inter-
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nal rotor achieving higher flux linkage per magnet volume, the outer-rotor produces
higher torque per magnet volume. The authors of [167] compare types of FSM rotor
structures, viz., segmented and salient rotors. Despite the segmented rotors having
better flux linkage due to shorter flux path, the salient rotors is found to have better
mechanical robustness for high speed applications.
This section introduces the design process of 12/10 FSPMs. However, it is essential
to understand its parameters, such as inductance, flux linkage, flux density, cogging
torque and load torque to explore the impact of these parameters on machine per-
formance. In view of the wide variety of machine types, materials and method, it is
obvious that several important decisions must be made at the early stage in the design
of FSMs. These include selection of the machine configuration, number phase, slot and
poles, main stator dimension (sizing), selection of stator lamination and core material,
selection of PM material and rotor structure, selection of winding arrangement.
2.5 FSMs Configuration
The preliminary design specifications of an FSM consist of the power output, speed
and phase current.
2.5.1 Sizing of an FSM
The size of the machine is one of the limitations of the design specification. However,
initial sizing can be found through the traditional sizing equation [168] where output
torque is given by
Tem = C0D2gLstk (2.1)
where C0 consider as a coefficient, D2g is the airgap diameter and Lstk is the stack
length. The typical value of C0 are 1.96-5.5 kNmm3. It is worth noting that, the value
of C0 is greater for FSMs than the usual value of C0 for SRM, respectively.
The typical FSMs rotor-to-state ratios in lamination models are approximately
0.5-0.6. This ratio relies on the following:
1. Stator-Rotor poles numbers.
2. Machine stack length.
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3. Motor frame size.
4. Speed of rotation.
5. Torque specifications.
The torque generated for the FSMs is commensurate with the magnetic flux tan-
gential portion that flows through the air-gap radius.
The flux that can flow through the air-gap is restricted by the cross-sectional area
of the rotor tooth. The cross-sectional area increases with diameter and therefore
is proportional to the exterior diameter of the rotor. The airgap diameter can be
expanded in order to obtain a greater torque. However, a large rotor diameter is
limited by the stator diameter and the available winding area and the machine frame.
2.5.2 Pole Configuration of FSMs
The conventional FSMs is one in which the rotor is half the poles as a stator and is a
two-phase machine. In the scheme 4/2 multiplied by n, where n is an integer ∈ (Z),
the regular flux switching motor is used to select poles that lead to a few possible pole
arrangements 4/2, 8/4, 12/6, 16/8, etc. The appropriate pole setup for a machine
frame size can be determined by analyzing the torque equations of the FSMs.
A broad range of poles / phase numbers can be used for the design of FSMs,
however feasible combinations require an adequate torque from each phase. In partic-
ular, machines that have lower poles / phases tend to show higher torque, and in the
case of single and two-phase machines, torque-nulls (rotor positions with zero torque
production) prevent all rotor positions from self-starting unless particular additional
design characteristics are integrated [169, 170] . On the other hand, higher pole /
phase numbers machines have less torque ripple and can start from all rotor positions
on their own. The results of the most used pole and phase number combinations can
be found in Table.2.1 has been reviewed in [171].
The flux switching machines electromagnetic torque can be expressed as:
Tem =
2Nrk
πℜ Nf ifNaia (2.2)
where rotor poles is denoted as Nr, the flux fraction consider as k, the magnetic
reluctance is ℜ, Nf is the number of turns in the field windings, Na is the number of
armature turns, If is the field current and Ia is the armature current.
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Table 2.1 Summary of pole/phase combination
[171]
Nphases Ns Nr ε0 Strokes/rev Comments
1 2 2 180 2 Needs assistance starting
3 3 2 60 6 Unbalanced magneticpull makes impractical
2 4 2 90 4 Non-uniform rotor/parkingmagnet required to assist starting
3 6 2 60 6 May need assistance starting
3 6 4 30 12 Lowest strokes/rev for self starting
3 6 8 15 24 -
3 12 8 15 24 -
3 18 12 10 36 Low inductance ratio
3 24 16 7.5 48 Low inductance ratio
4 8 6 15 24 -
4 16 12 7.5 48 Low inductance ratio
For each stage, the overall torque equation for a dc motor is
Tem =
Pem
ω
= εi dt
dθ
= idλ
dθ
= Nidφ
dθ
(2.3)
Where phase power is Pem, the machine speed is ω, the back of EMF is ε, current
is i, the flux linkage is λ, the flux is denoted as φ and N is the number of turns.
2.5.3 Flux Density
The size of the machine is usually determined by the torque per unit volume, which
depends directly on conditions such as electrical loading and magnetic loading. These
two conditions are restricted by material characteristics; but even when the finest
materials are used, the temperature increase and the cooling also limit them. The
current density around the airgap circumference define the number of conductors per
meter around the stator area facing the airgap.
A = 2mTphI
πD
(2.4)
where I denoted the RMS phase current, m denote as a the number of phases, Tph is
the number of turns per phase, and D denote the diameter of the airgap.
On the other hand, the average flux-density over the rotor surface is defined as the
magnetic loading of B. The flux-density is distributed sinusoidally in AC motors and
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in the following equation the basic flux per pole is shown:
Φ1 = B × πDLstk2P (2.5)
where P is the number of pole-pairs and Lstk is the stack length.
The flux density in the teeth Bt(pk) is typically kept at 1.5T∼1.6T, otherwise the
material losses may be excessive. The peak flux-density Bg(pk) in the airgap is therefore
Bg(pk) ≈ τ Bt(pk), where τ is the ratio of tooth width to slot-pitch; shown in Fig.2.9
λ
t
Fig. 2.9 Definition of tooth pitch and τ
τ = t
λ
(2.6)
The typical value τ might be 0.5. Therefore the average flux density can be ap-
proximated as:
B = 2
π
×Bg(pk) (2.7)
or
B = 2× 0.5× 1.6
π
≈ 0.5T (2.8)
2.5.4 Power Density
Consideration of power density can be used to create smarter design choices in the
design of FSM machines. Power density can be used to assess the prospective achieve-
ment of multiple ideas during the concept assessment phase of machine models. There
may be several design solutions, but the related power densities of the solution can
help us to determine which design is the most effective footprint if the space is limited.
The following steps need to be considered to determine the machine power density,
such as:
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1. Input Power: Conventional AC machines ’ power equation can be articulated as:
P = m.kp.Ua.I (2.9)
where P is the input power, m is the phase number, Ua and I are the input
phase RMS voltage and current respectively. kp is the power waveform factor
variable indicating phase current and phase voltage, the equation is given by:
kp =
1
T
T∫
0
u (t) i (t)
UmIm
dt (2.10)
where u (t) and i (t) are the instantaneous phase voltage and current, respec-
tively, whereas Um and Im are the peak values of phase voltage and current,
respectively.
2. Output Power:
Then, with regard to rotor velocity and pole-pair number, the phase induced
voltage can be calculated directly. Furthermore, electrical loading can calculate
the phase current, the equation is given by:
Irms =
A
2 Jkp (2.11)
Where, J is the RMS current-density, approximate value is 8A/mm2
Therefore, the output power of the machines can be expressed as:
Pout = Tω (2.12)
Where, Pout is the output power, T is the electromagnetic torque and ω is the
angular speed of the AC machines. Furthermore, the output power density of
the FSMs can be deduced as:
PD =
Pout
V
= Tω
πD20la
(2.13)
where, PD is the output power density, D0 is the stator outer diameter and la is
the machine stake length.
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2.5.5 Thermal Effect
Over the past few years, limited number of studied has been done based on thermal
analysis on FSM [172, 173]. However, the author of [174] emphasize on the added
advantage of the dual-stator FSPM machine, which provide a viable solution to low
pole FSPM machines in the high-speed condition toward improving thermal effects.
The thermal solution is impacted in these researches by critical analysis of an-isotropic
property of steel material, winding arrangement and contact resistance. Another ap-
proach for reducing the temperature of the machine within the safe range was inves-
tigate in [175], where the equivalent thermal network was developed to unifying the
temperature distribution in the FSPM and multiples cooling system are proposed. A
FSPM machine transient thermal model using Laplace transformation developed in
[176] claimed the calculation stability and high accuracy of thermal model design.
The thermal issue in electrical machines has two main elements, such as: heat
removal and distribution of temperature within the engine.
The main reasons to limit the winding and motor frame temperature rise are:
1. To conserve the lifetime of the insulation
2. To avoid unnecessary heating.
3. To prevent damage to the warm surfaces caused by touching.
However, heat is removed by a mixture of conduction to frame mountings, the
most industrial and commercial engines. The equation of conduction for t consider as
thickness of block and A is the area:
Q = kAdT
dx
≈ kA∆T
t
W (2.14)
where ∆T is the temperature difference. The coefficient k is the thermal conductivity,
with units (W/m2) per (◦C/m), i.e. (W/◦C −m). where, the heat conductivity is
a material characteristic and a temperature function in general. Most metals, par-
ticularly those that are good electrical conductors, have a high thermal conductivity.
The thermal conductivity of copper is considered as: 387 (W/m2) per (◦C/m). The
thermal effect of the machines can be identified from the following relations. In the
electrical machines heat is produced at the rate of:
H = J2ρ (2.15)
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Where, J is the RMS current-density, approximate value is 8A/mm2. ρ the elec-
trical resistivity of the copper is 1.7 × 10−8 ohm-m. In one conductor the power loss
can be found through the following equation:
Ploss = I2R
.
Therefore, (2.14) gives the temperature gradient beside the coil:
dT
dx
= Q
kA
(2.16)
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Fig. 2.10 Design methodology of FSMs
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2.6 Conclusion
FSMs have special features that are useful in applications such as electric vehicle
traction, aerospace, and renewable energy applications. Recent developments and
application of FSMs in these areas have been reviewed. FSMs have been investigated
in variations of applications, topology, material, structural and manufacturing aspects.
This chapter also provide a comprehensive review of these aspects and form a good
reference electrical machine design engineers. FSMs exhibit high cogging torque and
is found to be reduced using different strategies such as, pole shaping, rotor skewing
techniques, rotor teeth axial paring techniques, teeth notching and flagging techniques.
However, such techniques may also lead to a reduction in average torque production.
Enhanced torque density is achieved by design for enhanced saliency ratio, appropriate
selection of the rotor pole and stator slot numbers and also by multi-tooth designs.
The winding scheme is also shown to significantly influence the torque density of
FSMs. Fault tolerant features in addition to potential benefits for field weakening and
enhanced torque speed range and high-speed operation were reviewed.
The basic design parameters of FSMs are the slot/pole configuration, sizing of the
stator, permanent magnet and the rotor. The basic design methodology for FSMs is
displayed in Fig. 2.10. First, it is necessary to select the primary design parameters
to obtain an appropriate sizing maintain the non-saturating flux density level. Once,
a feasible design is obtained, the machine design has to be refined to obtained best
thermal performance. In this research, only the feasible design state is considered. The
mathematical development of the electromagnetic model is presented in the following
chapter.
Chapter 3
Modelling of Flux Switching
Machines (FSM)
3.1 Introduction
This research chapter presents the magnetic equivalent circuit modelling (MEC) and
simulation of flux switching machines (FSMs) that can be applied to a FSM with
any number of rotor poles and stator teeth. The chapter focuses on modeling the
air-gap permeance between one rotor pole and one stator tooth and its variation with
rotor position. This modular magnetic equivalent circuit (MEC) model is then used
to implement a full FSM model iterating it for all the combinations of rotor poles
and stator teeth in an FSM. The full MEC model is simulated and the results are
compared with finite element simulations.
3.2 Operating Principle of FSMs
An FSM machine structure is illustrated in Fig. 3.1, where the stator has Ns number
of core segments and Ns pieces of PMs. The FSM machine structure and the magnets
are magnetized alternately opposite directions as shown in Fig. 3.1.
The FSPM machine will have a high torque density compared with the SR Machine
due to the high PM flux within the stator. Moreover, the magnetic flux paths of the
FSPM are comparatively shorter than traditional AC machines, which may result in
lower iron losses. Depending on the relative position between the rotor teeth and stator
teeth, the coil in stator and PM flux are linked as shown in Fig. 3.2 (a). When the
41
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Fig. 3.1 FSM machine Structure
rotor shifts towards the direction of the air-gap field interchanges as depicted in Fig.
3.2(b). The overall process is mentioned in this text as “flux-switching” operation.
(a) (b)
Fig. 3.2 Operational Principle of FSMs
3.3 FSM Modelling Techniques
In the process of FSM design, Magnetic Equivalent Circuit (MEC) approach [177, 178]
is used in conjunction with other numerical methods, such as Finite Element Analysis
(FEA) [179]. FEA and MEC models are predominantly used for static and transient
analysis and determination of performance [180–188]. MEC based simulations can be
implemented with low computational time and therefore offer opportunities for rapid
optimization.
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In the MEC method, each region of the machine is represented by a permeance with
a value that depend on geometry. As the rotor position changes, air-gap flux paths
[189] changes resulting in a variation in permeance and flux. FSMs with different
stator and rotor combinations have been investigated in the past using MEC method
in [190] and air-gap field distribution has been predicted based on flux tube modeling.
The authors of [191] employ a MEC method to solve the reluctance network of FSMs,
in which the air-gap flux-tube model adapts according to the rotor position. A 12/10
slot/pole FSMs air-gap flux distribution investigated by nonlinear magnetic network
model in [191] claimed an accurate air-gap flux distribution calculation. Past literature
show that MEC methods have been already developed to model FSM configurations,
however, an appropriate technique to implement in commercially available simulation
software is still underdeveloped.
The objective of this research chapter is to revisit the MEC modeling of FSMs and
develop a simulation approach that can be used for the modeling of FSMs with any
number of stator teeth and rotor pole combinations, and asymmetry conditions. The
rest of the this chapter is structured as follows:
1. Section. 3.4 discusses the MEC model and the determination of lumped elements
in the MEC model.
2. Section. 3.4.2 discusses the variable lumped elements and presents the details
on the occurrence of the different flux tubes with varying rotor position.
3. Air-gap permeance variation for different flux tubes are derived and shown for
a case study FSM in section. 3.5.
4. The simulation approach and technique is presented in section. 3.6.
5. The simulation strategy representing the process within each time-step and flux-
linkage and torque calculation is presented in Section. 3.9.
6. Simulation results are compared with finite element results in Section. 3.11.
7. Section. 3.13 provides a summary and concludes this chapter.
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Fig. 3.3 Parametrized FSM geometry [9]
3.4 MEC Modelling of FSMs
3.4.1 Parametrisation
The parameterized geometric variables of an FSM is shown in Fig. 3.3. The angle
α1 represents the rotor pole angle, and β1 corresponds to half of the slot opening .
Parameters β2, β4 and β3 correspond to the angles subtended at the center O by the
tooth parts and PM respectively. The tooth-part width and the PM width indicated
in Fig. 3.3 can be related to these angles by:
wst = 2Rsi sin
(
β2
2
)
and wpm = 2Rsi sin
(
β3
2
)
(3.1)
The flux paths between the stator tooth and the rotor pole can be described using
five types of flux tubes [179, 189]. These are shown in Fig.3.4. The occurrence and
existence of these flux tubes depend on rotor position and the parameterized angles
α1, β1, β2, β3 and β4. The flux tube type-1 shown in Fig. 3.4 (a) occurs from the
stator tooth to the rotor via the main air-gap and is also referred to as the direct flux.
Flux tube type-2 to type-4 as shown in Fig. 3.4 (b),(c) and (d) occur from the side
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(a) (b)
(c) (d)
(e)
Fig. 3.4 Flux-tube: (a) type-1 (b) type-2 (c) type-3 (d) type-4 and (e) fringing flux
between two stator tooth-parts in [9]
face of the tooth in the stator or the rotor are therefore referred to as indirect flux
tubes. The flux tube shown in Fig. 3.4 (e) is a leakage flux between two stator tooth-
parts. All these flux tubes vary in their dimensions with rotor position. Therefore,
the permeance needs to be represented as a function of rotor position.
3.4.2 Lumped Permeances
Fig. 3.5 shows the MEC model with lumped permeances for a portion of the FSM.
The permeances, Pst and Prt model the stator tooth part and the rotor tooth. The
permeance of the stator and rotor back iron are modelled with Psb and Prb respectively.
The air-gap permeance linking an ith rotor pole with the jth stator tooth part is
modelled by Psr,i,j and with the adjacent (j + 1)th stator tooth part is modeled by
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Fig. 3.5 Permeance Network of a portion of a FSM in [9]
Psr,i,(j+1). The permeance P5,j model the leakage flux (type-5) flux tube between the
stator tooth-parts j and j+1. These permeances Psr,i,j, Psr,i,(j+1) and P5,j are variable
with rotor position.
In MEC modeling, the fixed portions of the stator and the rotor such as the stator
/ rotor tooth and back iron are calculated by:
P = µ0µrA
x
(3.2)
where µ0 represents the permeability of free space, A is the cross-sectional area per-
pendicular to the flux path and x is length of the flux path.
Permanent magnets are modeled as a MMF (magneto-motive force) source with
series permeance as shown in Fig. 3.5. The MMF and PM flux is given by [191]:
Fpm =
Br
µ0µr
wpm (3.3)
Φpm = BrApm (3.4)
where, Br and µr represent the magnetic flux density and relative permeability respec-
tively. wpm represents the length of magnet, whereas Apm represents the cross-sectional
area of magnet perpendicular to the flux path.
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The MMF produced by the coils are modeled as an MMF source as shown in Fig.
3.5 where;
Fcoil = NI (3.5)
N is the number of turns in the coil and I is the current in the coil.
The permeance elements of the air-gap Psr,i,j, Psr,i,(j+1) include the total perme-
ances contributed by the flux tubes type-1 to type-4. Here, these two permeances are
modelled in a generic manner. This allows the generic model to be shifted in space to
produce all the combinations of flux paths between all the other rotor poles and stator
tooth-parts. Therefore, it is sufficient to model the flux paths between a single rotor
pole i and a single stator tooth consisting of tooth part j and (j + 1). The following
section considers one such rotor pole and stator tooth and determines limits of the
occurrence of flux tubes with varying rotor position.
3.5 Flux tube occurrence with rotor position
The most extreme condition where a flux tube exists between the (j+1)th stator tooth-
part and the ith rotor tooth is at θa position as shown in Fig.3.7. In this position the
adjacent rotor tooth approaches the edge of (j + 2)th stator tooth part. A flux tube
type-4 will be present when this adjacent rotor pole edge passes the adjacent stator
pole edge as indicated in Fig. 3.6 (a). When the rotor pole approaches θd position
and then passes θd, the (j + 1)th main tooth face will open and will result in a type-3
flux tube from the (j + 1)th pole main face to the ith rotor pole left side face.
At rotor position θe, the (j+2)th stator tooth left edge is aligned with the left edge
of the ith rotor pole as indicated in Fig. 3.6 (e). When the rotor passes this position,
the main face of the ith rotor pole will be opened and as a result a type-2 flux tube
will appear from the (j + 1)th stator tooth part to the ith rotor main face. When the
rotor is at position θg, the (i − 1)th rotor tooth right edge is aligned with the right
edge of the jth stator tooth part as indicated in Fig. 3.7 (g). Once the rotor passes
this position, the jth stator pole main face will open and a type-3 flux tube will occur
between the jth stator tooth and the ith rotor pole.
At rotor position θh, the ith rotor pole right edge will align with the left edge of
the (j + 2)th stator tooth part as indicated in Fig. 3.7 (h). While a type-4 flux tube
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Fig. 3.6 Part: I The occurrence and the variation of flux tubes with rotor position in
[9]
exists from the left edge of the ith rotor pole, another type-4 flux tube will commence
from the right side face of the ith rotor pole as the rotor passes θh.
When the rotor is at position θi, the right edge of the (i−1)th rotor pole is aligned
with the left edge of the jth stator pole. Once the rotor position passes this position,
a type-4 flux tube will commence from the left side face of the jth stator tooth to the
left side face of the ith rotor pole as indicated in Fig. 3.7 (i).
At rotor position θj, the left edge of the ith rotor pole is aligned with the right edge
of the (j + 1)th rotor pole. When rotor position passes θj the main type-1 direct flux
tube will occur between the (j + 1)th stator tooth part and the ith rotor tooth.
At rotor position θl, the right edge of the ith rotor pole and the right edge of the
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Fig. 3.7 Part: II The occurrence and the variation of flux tubes with rotor position in
[9]
(j+1)th stator tooth part will align. The type-1 flux tube between the (j+1)th stator
tooth part and the ith rotor tooth will rotor tooth will not exist any more. When the
rotor passes θl a type-3 flux tube will occur from the (j + 1)th main face to the right
side face of the ith rotor pole.
Fig. 3.9 shows the generic flux tube model with two rectangular portions with tube
lengths σ1 and σ2, and two curved portions with angle ϵ1 and ϵ2. The air-gap consists
of a horizontal portion with length gx. The curved portion is considered to have a
radius of r1. The different flux tube types may consist of only parts of this generic
model. For example, flux tube type-2 will consist of only one rectangular portion, the
air-gap portion and one curved portion. σ2 = 0 and ϵ2 = 0 in that case. The width
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Fig. 3.8 Part: III The occurrence and the variation of flux tubes with rotor position
in [9]
of the flux tube r1 is considered to be the opening between the rotor and the stator
tooth part and varies with rotor position. Table 3.2 outlines the variation of different
parameters of this model with rotor position for the different flux tubes.
The permeance of the generic flux tube model can be calculated by considering an
incremental flux tube indicated in Fig. 3.10 with thickness dr at radii r. The total
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Fig. 3.9 Generic model of a flux tube
length of the incremental flux tube is given by:
length =σ1 + rε1 + gx + rε2 + σ2 (3.6)
The incremental permeance along this flux tube with width dr can be written as:
dP =
(
µL
σ1 + rε1 + gx + rε2 + σ2
)
dr (3.7)
The permeance along this tube can then be calculated by integrating (3.7) from
r = 0 to r = r1. This yields:
P = µL
ε1 + ε2
log
[
1 + r (ε1 + ε2)
σ1 + σ2 + gx
]
(3.8)
For flux tube type-1:
P = lim
(ε1+ε2)→0
(σ1+σ2)→0
µL
ε1 + ε2
log
[
1 + r (ε1 + ε2)
σ1 + σ2 + gx
]
≈ µLr
gx
(3.9)
The permeance model (3.8) with the parametric variations with rotor position as
shown in Table 3.2 has been calculated for a case study FSM with the parameters
shown in Table 3.1. The calculated permeances for different flux tubes are shown in
Fig. 3.9 to Fig. 3.14. Fig. 3.15 shows the cumulative effect of all the flux tubes on
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the air-gap permeance.
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Fig. 3.10 Permeances contributed by type-1, flux tubes for a single rotor pole / stator
teeth combination (i = 1 and j = 1)
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Fig. 3.11 Permeances contributed by type-2, flux tubes for a single rotor pole / stator
teeth combination (i = 1 and j = 1)
The ability to calculate the air-gap permeance between any rotor pole i and two
of the stator teeth-parts j and j + 1 allows implementation of this strategy to for-
mulate time varying air-gap permeances between all the rotor poles and stator teeth
combinations. This strategy is discussed in the following section.
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Fig. 3.12 Permeances contributed by type-3, flux tubes for a single rotor pole / stator
teeth combination (i = 1 and j = 1)
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Table 3.1 Dimensions of the Case Study FSM
Parameter Value
Stator outer Diameter [mm] 50
Stator pole (Ns) 12
Rotor pole (Nr) 10
Stator inner Diameter [mm] 33.25
Rotor outer Diameter [mm] 32.75
Rotor inner Diameter [mm] 5.625
Air-gap [mm] 0.5
PM Width [mm] 1.5
Yoke Thickness [mm] 6
3.Design of FSMs 56
Table 3.2 Variation of different parameters of (3.8) defining different flux tubes with
rotor position
limits Psr,i,• θopen σ1 σ2 ϵ1 ϵ2
θ ≥ θm to θ ≤ θo j θ − θm 0 0 0 0
θ ≥ θj to θ ≤ θk j + 1 θ − θj 0 0 0 0
θ ≥ θk to θ ≤ θl j + 1 β2 0 0 0 0
θ ≥ θl to θ ≤ θo j + 1 −θm − θ 0 0 0 0
Flux tube type-2 conditions
θ ≥ θe to θ ≤ θh j + 1 θ − θe θj − θ 0 π2 0
θ ≥ θh to θ ≤ θj j + 1 α1 θj − θ 0 π2 0
θ ≥ θj to θ ≤ θl j + 1 θl − θ 0 0 π2 0
Flux tube type-3 conditions
θ ≥ θg to θ ≤ θi j θ − θg 0 θm − θ 0 π2
θ ≥ θi to θ ≤ θm j β4 0 θm − θ 0 π2
θ ≥ θm to θ ≤ θo j −θl − θ 0 0 0 π2
θ ≥ θd to θ ≤ θf j + 1 θ − θd 0 θj − θ 0 π2
θ ≥ θf to θ ≤ θj j + 1 β2 0 θj − θ 0 π2
θ ≥ θj to θ ≤ θk j + 1 θk − θ 0 0 0 π2
θ ≥ θl to θ ≤ θo j + 1 θ − θl 0 0 0 π2
Flux tube type-4 conditions
θ ≥ θi to θ ≤ θn j θ − θi 0 −θl − θ π2 π2
θ ≥ θn to θ ≤ θo j 2β1 0 −θl − θ π2 π2
θ ≥ θa to θ ≤ θd j + 1 θ − θa θd − θ θe − θ π2 π2
θ ≥ θd to θ ≤ θe j + 1 2β1 0 θe − θ π2 π2
θ ≥ θe to θ ≤ θh j + 1 θj − θ 0 0 π2 π2
θ ≥ θh to θ ≤ θj j + 1 θj − θ 0 0 π2 π2
θ ≥ θh to θ ≤ θj j + 1 θ − θh θl − θ 0 π2 π2
θ ≥ θj to θ ≤ θl j + 1 θ − θh θl − θ 0 π2 π2
θ ≥ θl to θ ≤ θo j + 1 2β1 θ − θl 0 π2 π2
Flux tube type-5 conditions
θ ≥ θa to θ ≤ θb j beta2 0 0 π2 π2
θ ≥ θb to θ ≤ θc j θc − θ wpm 0 π2 π2
θ ≥ θg to θ ≤ θi j θ − θg wpm 0 π2 π2
θ ≥ θi to θ ≤ θj j β2 wpm 0 π2 π2
θ ≥ θj to θ ≤ θk j θk − θ wpm 0 π2 π2
Note : r = Rsiθopen in (3.8)
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3.6 Time stepped simulation model
3.6.1 Stator Permeance network
Nodal analysis is employed to solve the MEC model. The stator MEC flux distribution
model is illustrated in Fig.3.16. The permanent magnet in the stator portion is mod-
elled as an MMF source Fpm with a series permeance Ppm. The flux path of the stator
tooth and the stator back iron is modelled by permeances Pst and Psb respectively.
The permeance, Pls model the stator outer leakage flux.
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Fig. 3.16 Stator Permeance network
A. Application of KCL to MEC yields:
Node b1 :
(Fb,2Ns − Fb,1)Psb + (Fs,1 − Fb,1 − Fw,1)Pst +
(Fb,2 − Fb,1 + FPM,1)Ppm + (Fb,2 − Fb,1)Pslo = 0 (3.10)
Node b2 :
(Fb,3 − Fb,2)Psb + (Fs,2 − Fb,2 − Fw,1)Pst +
(Fb,1 − Fb,2 − Fpm,1)Ppm + (Fb,1 − Fb,2)Pslo = 0 (3.11)
B. The PM MMF source polarity on node is reversed in each adjacent module:
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Node b3 :
(Fb,2 − Fb,3)Psb + (Fs,3 − Fb,3 − Fw,2)Pst +
(Fb,4 − Fb,3 + Fpm,2)Ppm + (Fb,4 − Fb,3)Pslo = 0 (3.12)
Node b4:
(Fb,5 − Fb,4)Psb + (Fs,4 − Fb,4 − Fw,2)Pst +
(Fb,3 − Fb,4 − Fpm,2)Ppm + (Fb,3 − Fb,4)Pslo = 0 (3.13)
Node Ns,1 :
(Fb,2Ns−2 − Fb,2Ns−1)Psb + (Fs,2Ns−1 − Fb,2Ns−1 − Fw,Ns)Pst +
(Fb,2Ns − Fb,2Ns−1 + Fpm,Ns)Ppm + (Fb,2Ns − Fb,2Ns−1)Pslo = 0 (3.14)
Node Ns:
(Fb,1 − Fb,2Ns)Psb + (Fs,2Ns − Fb,2Ns − Fw,Ns)Pst +
(Fb,1 − Fb,2Ns − Fpm,Ns)Ppm + (Fb,2Ns−1 − Fb,2Ns)Pslo = 0 (3.15)
C. Matrix formulation of the above set of equations yield:
[Ksb] F¯b + [Pst] F¯s − [Kw] F¯w + [Kpm] F¯pm = 0 (3.16)
D. Matrix equation dimensions:
[2Ns × 2Ns] [2Ns × 1] + [2Ns × 2Nr] [2Ns × 1]
− [2Ns ×Ns] [Ns × 1] + [2Ns ×Ns] [Ns × 1] = [2Ns × 1] (3.17)
where,
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[2Ns × 2Ns] matrix: [Pst] =

Pst 0 . . . 0
0 Pst . . . 0
... ... ... ...
0 0 . . . Pst
 (3.18)
[2Ns ×Ns] matrix: [Kpm] = Ppm

1 0 0 0 · · · 0
−1 0 0 0 · · · 0
0 −1 0 0 · · · 0
0 1 0 0 · · · 0
0 0 −1 0 · · · 0
0 0 1 0 · · · 0
... ... ... ... ... 0
0 0 0 0 0 1
0 0 0 0 0 −1

(3.19)
[2Ns ×Ns] matrix: [Kw] = Pst

1 0 0 0 · · · 0
1 0 0 0 · · · 0
0 1 0 0 · · · 0
0 1 0 0 · · · 0
0 0 1 0 · · · 0
0 0 1 0 · · · 0
... ... ... ... ... 0
0 0 0 0 0 1
0 0 0 0 0 1

(3.20)
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[2Ns × 2Ns] matrix: [Ksb]
=

−Psb,sum Pslo + Ppm 0 0 · · · Pb
Pslo + Ppm −Psb,sum Psb 0 · · · 0
0 Psb −Psb,sum Pslo + Ppm · · · 0
0 0 Pslo + Ppm −Psb,sum · · · 0
... ... ... ... ... ...
0 0 0 0 · · · Pslo + Ppm
Psb 0 0 0 · · · −Psb,sum

(3.21)
where,
Pb,sum = Psb + Pst + Ppm + Pslo (3.22)
F¯b =

Fb,1
Fb,2
...
Fb,2Ns
 F¯s =

Fs,1
Fs,2
...
Fs,2Ns
 F¯pm =

Fpm,1
Fpm,2
...
Fpm,Ns
 F¯w =

Fw,1
Fw,2
...
Fw,Ns

3.6.2 Rotor Permeance network
The flux path of the rotor tooth and the rotor back iron is modelled with the permeance
network as shown in Fig.3.17. The fixed permeances Prt and Prd represent the rotor
tooth permeance and the back iron permeance respectively. The full rotor MEC model
is made up of Nr rotor modules.
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Fig. 3.17 Rotor Permeance network
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A. Application of KCL to the u1, u2, . . .uNr nodes within the rotor yields:
Node u1 :
(Fr,1 − Fu,1)Prt + (Fu,Nr − Fu,1)Prb + (Fu,2 − Fu,1)Prb = 0 (3.23)
Node u2 :
(Fr,2 − Fu,2)Prt + (Fu,1 − Fu,2)Prb + (Fu,3 − Fu,2)Prb = 0 (3.24)
............................
Node Nr :
(Fr,Nr − Fu,Nr)Prt + (Fu,Nr−1 − Fu,Nr)Prb + (Fu,1 − Fu,Nr)Prb = 0 (3.25)
B. Matrix formulation of the above yields:
(Fr,1 − Fu,1)Prt + (Fu,Nr − Fu,1)Prb + (Fu,2 − Fu,1)Prb = 0 (3.26)
(Fr,2 − Fu,2)Prt + (Fu,1 − Fu,2)Prb + (Fu,3 − Fu,2)Prb = 0 (3.27)
(Fr,Nr − Fu,Nr)Prt + (Fu,Nr−1 − Fu,Nr)Prb + (Fu,1 − Fu,Nr)Prb = 0 (3.28)
[Prt] F¯r − [Kru] F¯u = 0 (3.29)
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Dimensions:
[Nr × 2Ns] [2Ns × 1]− [Nr ×Nr] [Nr × 1] = [Nr × 1] (3.30)
[Nr ×Nr] matrix: [Kru] =
− (Prt + 2Prb) Prb 0 0 · · · Prb
Prb − (Prt + 2Prb) Prb 0 · · · 0
0 Prb − (Prt + 2Prb) Prb · · · 0
0 0 Prb − (Prt + 2Prb) · · · 0
... ... ... ... ... ...
0 0 0 0 · · · Prb
Prb 0 0 0 · · · − (Prt + 2Prb)

Where,
[Nr ×Nr] matrix: [Prt] =

Prt 0 . . . 0
0 Prt . . . 0
... ... ... ...
0 0 . . . Prt
 (3.31)
F¯r =

Fr,1
Fr,2
...
Fr,Nr
 F¯u =

Fu,1
Fu,2
...
Fu,Nr

3.7 Airgap permeance network
The air-gap permeance matrix is represented by :
[Psr,i,j]
where the elements within this matrix at the ith row and jth column Psr,i,j represent
airgap permeance value between the ith rotor pole and the jth stator tooth part as
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shown in Fig. 3.18. For a FSM with Nr rotor poles and Ns stator teeth, this results
in an Nr × 2Ns matrix.
, ,sr i jP
, ,sr i (j+1)P
, ,( 1)sli j jP +
Fig. 3.18 Airgap permeance network
A. Considering the jth stator tooth-part, the KCL to the magnetic circuit nodes
can be written as:
(Fb,1 − Fs,1 + Fw,1)Pst + (Fr,1 − Fs,1)Psr,1,1 + (Fr,2 − Fs,1)Psr,2,1 + .......+
(Fr,Nr − Fs,1)Psr,Nr,1 + (Fs,2 − Fs,1)Psli,1,2 = 0 (3.32)
(Fb,2 − Fs,2 + Fw,1)Pst + (Fr,1 − Fs,2)Psr,1,2 + (Fr,2 − Fs,1)Psr,2,2 + .....+
(Fr,Nr − Fs,1)Psr,Nr,2 + (Fs,1 − Fs,2)Psli,2,1 = 0 (3.33)
(Fb,3 − Fs,3 + Fw,2)Pst + (Fr,1 − Fs,3)Psr,1,3 + (Fr,2 − Fs,1)Psr,2,3 + .....+
(Fr,Nr − Fs,3)Psr,Nr,3 + (Fs,4 − Fs,3)Psli,3,4 = 0 (3.34)
............................
(Fb,2Ns − Fs,2Ns + Fw,Ns)Pst + (Fr,1 − Fs,2Ns)Psr,1,2Ns +
(Fr,2 − Fs,2Ns)Psr,2,2Ns + .....
(Fr,Nr − Fs,2Ns)Psr,Nr,2 + (Fs,2Ns−1 − Fs,2Ns)Psli,2Ns,(2Ns−1) = 0 (3.35)
Formulation as a matrix equation yield:
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− [Kas] F¯s + [Psr,i,j]T F¯r + [Pst] F¯b + [Kw] F¯w = 0 (3.36)
where,
or
[Kas] = [Pst] + [Psli] + [Psr,rowsum] (3.37)
[Psli] =

Psli,1,2 −Psli,1,2 0 0 . . . 0
−Psli,2,1 Psli,2,1 0 0 . . . 0
0 0 Psli,3,4 −Psli,3,4 . . . 0
0 0 −Psli,4,3 Psli,4,3 . . . 0
... ... ... ... ... ...
0 0 0 0 . . . Psli,2Ns,(2Ns−1)

[Psr,rowsum] =

Nr∑
i=1
Psr,i,1 0 0 0 . . . 0
0
Nr∑
i=1
Psr,i,2 0 0 . . . 0
0 0
Nr∑
i=1
Psr,i,3 0 . . . 0
0 0 0
Nr∑
i=1
Psr,i,4 . . . 0
... ... ... ... ... ...
0 0 0 0 . . .
Nr∑
j=1
Psr,i,2Ns

B. Considering the ith rotor pole, application of KCL to the magnetic circuit node
on the rotor pole can be written as:
(Fs,1 − Fr,1)Psr,1,1 + (Fs,2 − Fr,1)Psr,1,2 + ............+
(Fs,2Ns − Fr,1)Psr,1,2Ns + (Fu,1 − Fr,1)Prt = 0 (3.38)
(Fs,1 − Fr,2)Psr,2,1 + (Fs,2 − Fr,2)Psr,2,2 + ............+
(Fs,2Ns − Fr,2)Psr,2,2Ns + (Fu,2 − Fr,2)Prt = 0 (3.39)
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.
.
(Fs,1 − Fr,Nr)Psr,Nr,1 + (Fs,2 − Fr,Nr)Psr,Nr,2 + ............+
(Fs,2Ns − Fr,Nr)Psr,Nr,2Ns + (Fu,Nr − Fr,Nr)Prt = 0 (3.40)
Matrix formulation of the above yields:
− [Kra] F¯r + [Psr,i,j] F¯s + [Prt] F¯u = 0 (3.41)
Dimension of the matrix equation:
− [Nr ×Nr] [Nr × 1] + [Nr × 2Ns] [2Ns × 1] + [Nr ×Nr] [Nr × 1] =
[Nr × 1] (3.42)
where [Kra] is an [Nr ×Nr] matrix:
[Kra] =

Prt +
2Ns∑
j=1
Psr,1,j 0 . . . 0
0 Prt +
2Ns∑
j=1
Psr,2,j . . . 0
... ... ... ...
0 0 0 Prt +
2Ns∑
j=1
Psr,Nr,j

(3.43)
[Kra] = [Prt] +

2Ns∑
j=1
Psr,1,j 0 . . . 0
0
2Ns∑
j=1
Psr,2,j . . . 0
... ... ... ...
0 0 0
2Ns∑
j=1
Psr,Nr,j

Finally, the stator flux can be found from the following equation:
φst = Pst
(
F s − F b − Fw
)
(3.44)
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3.8 Solution of permeance network
Stator and Rotor permeances can be express as:
[Prt] F¯u = [Prt] [Kru]−1 [Prt] F¯r
[Prt]F¯u, value substitution of the (3.41) yields.
− [Kar] F¯r + [Psr,i,j] F¯s + [Prt] [Kru]−1 [Prt] F¯r = 0
⇒
{
[Prt] [Kru]−1 [Prt]− [Kra]
}
F¯r + [Psr,i,j] F¯s = 0
F¯r can then be expressed as:
F¯r = −
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j] F¯s
[Psr,i,j]T F¯s can be written as:
[Psr,i,j]T F¯r = −[Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j] F¯s (3.45)
Substitution of [Psr,i,j]T F¯r (3.36) yields:
− [Kas] F¯s − [Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j] F¯s + [Pst] F¯b + [Kw] F¯w = 0
⇒ −
{
[Kas] + [Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j]
}
F¯s + [Kw] F¯w = 0
Then KasF¯b can be written as:
[F¯b] = [Pst]−1
{
[Kas] + [Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j]
}
F¯s
−[Pst]−1 [Kw] F¯w (3.46)
KasF¯b can be written as:
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[Kas] F¯b = [Kas] [Pst]−1
{
[Kas] + [Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j]
}
F¯s
− [Kas] [Pst]−1 [Kw] F¯w (3.47)
Substitution of (3.46) and (3.47) in (3.16) yeilds:
⇒ [Kas] [Pst]−1
{
[Kas] + [Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j]
}
F¯s
− [Kas] [Pst]−1 [Kw] F¯w + [Pst] F¯s − [Kw] F¯w + [Kpm] F¯pm = 0
Therefore we can rewrite as:{
[Kas] [Pst]−1
{
[Kas] + [Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j]
}
+ [Pst]
}
F¯s
=
{
[Kas] [Pst]−1 [Kw] + [Kw]
}
F¯w − [Kpm] F¯pm = 0
Finally: F¯s can be expressed as:
F¯s =
{
[Kas] [Pst]−1
{
[Kas] + [Psr,i,j]T
{
[Prt] [Kru]−1 [Prt]− [Kra]
}−1
[Psr,i,j]
}
+ [Pst]
}−1
{{
[Kas] [Pst]−1 [Kw] + [Kw]
}
F¯w − [Kpm] F¯pm
}
3.8.1 Determination of Ld and Lq values of the FSM model
The Ld and Lq values of the FSM correspond to the inductance values at specific rotor
positions. The flux linkage of individual tooth parts are given by:
Φst = [Pst]
(
F b − F s
)
For a FSM with turns per coil wound on each stator teeth, the flux linkage can be
calculated as:
λst = NsΦst
The inductance per each coil can be calculated by an element-wise division of the
flux-linkage with the current in each coil. For example:
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Ls,1 = Ns{Φst(1)+Φst(2)}I1 =
N2s {Φst(1)+Φst(2)}
Fw,1...
Ls,Ns = N
2
s {Φst(2Ns)+Φst(2Ns−1)}
Fw,2Ns
Using the above relationships, the total per-phase inductance can be calculated as:
Lph,A = Ls,1 + Ls,4 + Ls,7 + Ls,10
Lph,B = Ls,2 + Ls,5 + Ls,8 + Ls,11
Lph,C = Ls,3 + Ls,6 + Ls,9 + Ls,12
It should be noted that the FSM does not have mutual coupling due to the concen-
trated winding arrangement and therefore considering the first phase the inductance
variation can be written in general form as [192].
Lph,A = Lla + L− L∆ cos 2θ
where is the average value of the magnetizing inductance and half the amplitude
of the sinusoidal varying magnetizing inductance.
Then the d and q axis inductance can be derived as [192] :
Lmq = 32 (L− L∆)
Lmd = 32 (L+ L∆)
3.9 Simulation strategy
The air-gap permeances are calculated from θa to θo using the technique described in
the previous section. From symmetry, the same calculations can be performed when
the rotor moves past θo to −θa for any FSM. In this region, the permeances Psr,i,j and
Psr,i,(j+1) can be interchanged and −θ can be considered instead of θ due to symmetry.
The time stepped simulation diagram is shown in Fig. 4.7. As mentioned previously,
the air-gap permeances also exhibit symmetry between the other stator teeth and rotor
poles. Therefore, the all the combinations of permeances between the stator teeth and
rotor poles can be calculated using a single rotor-pole to stator tooth model.
The flow-chart of the time stepped simulation strategy is shown in Fig. 4.7. The
individual ith number of rotor pole is used to calculate the air-gap permeances for
each relative position with respect to the jth stator tooth. This is then iteratively
performed for all rotor pole and stator tooth combinations in a ‘For’ loop within each
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Fig. 3.19 Block diagram of the simulation strategy representing the process within one
time-step
time step. With this full air-gap permeance model, the FSM model is solved for each
time step.
3.9.1 Torque calculation
The electromagnetic torque produced by the rotor can be written as the partial deriva-
tive of air-gap co-energy:
Tem = − ∂Wc
∂θ
∣∣∣∣∣
constant−flux
(3.48)
Co-energy can be written as:
Wc =
∫
Fadφa (3.49)
where Fa and φa are the air-gap MMF and the flux. Fa can be written as a function
of permeance Pa:
Fa =
φa
Pa
(3.50)
Co-energy can then be derived as W = φ2a2Pa . Substitution of (3.48) and resolution of
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the partial derivative yields:
Tem =
φ2a
2P 2a
dPa
dθ
(3.51)
The MEC model considered in this chapter, each time step produces a [Nr × 2Ns]
matrices of permeances and flux within the air-gap.
Let the air-gap permeance matrix be denoted by [Psr,i,j] and the air-gap flux matrix
be denoted as [φa,i,j]. Then the element wise operation on each permenace and flux
yields the contribution of individual torque components, and thereby summation of
all the elements yield the total torque:
Tem =
1
2
2Ns∑
j=1
Nr∑
i=1
(
φ2a,i,j
P 2a,i,j
dPa,i,j
dθ
)
(3.52)
3.10 Machine Weight Analysis
The active weight of a FSM can be defined as:
WFSM = Wstatorcore +Wcopper +WPM +Wrotorcore +Wshaft (3.53)
where,Wstatorcore is the stator core weight,Wcopper is the stator copper winding weight,
Wrotorcore is the rotor core weight, and WPM is the PM weight and Wshaft is the shaft
weight.
The stator core weight can be written as:
Wstatorcore = kstρironAstatorcorelstk (3.54)
where kst is the laminated steel packing factor, Ns is the stator number of slot, Astatorslot
is the stator slot area, lstk is the stack length and ρiron is the core material density.
The stator core cross-sectional area can be written as:
Astatorcore = 2Nswst
(
Dso −Dsi
2 − hsy
)
+ π
{(
Dso
2
)2
−
(
Dso
2 − hsy
)2}
−Nswpmhsy
(3.55)
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The permanent magnet weight is given by:
Wpm = ρpmApm,cross−sectionlstk (3.56)
where PM cross sectional area is given by:
Apm,cross−section = Nswpmhpm (3.57)
The copper winding weight depends on the slot area available for the winding. The
slot area can be written as:
Aslot = π
{(
Dso
2
)2
−
(
Dsi
2
)2}
− Acore − Apm (3.58)
The average length per turn can be approximated to:
lper−turn = 2lstk + 2 (β1 + β2 + β3 + β3)
(
Dso+Dsi
2 − hsy
)
(3.59)
The copper winding weight can be written as:
Wcopper = NsρcopperNtlper−turnAwire (3.60)
where Nt is the number of turns per-coil and Awire is the wire cross sectional area.
Considering the total slot area, the total effective copper area per coil-side NtAwire
can be written as:
NtAwire =
kpackAslot
2Ns
(3.61)
where kpack is the packing factor of the coil. Then (3.62) can also be written as:
Wcopper = kpackρcopper
Aslot
2 lper−turn (3.62)
The rotor core wight is given by:
Wrotorcore = kstρironArotorcorelstk (3.63)
The rotor core area is given by:
Arotorcore = Nrhrtwrt + π
(
Dry
2 + hry
)2
− π
(
Dry
2
)2
(3.64)
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The shaft weight is given by:
Wshaft = ρironπ
(
Dry
2
)2
lstk (3.65)
3.11 Results
Table 3.3 Different types machines results: Torque/speed and power
FSMs types MEC model Result FE model result
Small Machine
100 V
Phase current [A RMS] 104.6 104.6
Torque [Nm] 1.5491 1.4016
Speed [rpm] 53401 53401
Power [kW] 8.66 7.83
Medium machine
500 V
Phase current [A RMS] 419.5 419.5
Torque [Nm] 37.82 35.79
Speed [rpm] 40701 40701
Power [kW] 161.2 152.6
Large
machine
5 kV
Phase current
[A RMS] 1676.9 1676.9
Torque [Nm] 856.8 839.5
Speed [rpm] 60201 60201
Power
[kW] 5401 5293
20
0 
m
m
10
0 
m
m
50
 m
m
       (a)                                                      (b)                                               (c)
Fig. 3.20 Machine types: (a) Large FSMs, outer diameter is 200mm (b) Medium FSMs,
, outer diameter is 100mm (c) Small FSMs, outer diameter is 50mm
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Table 3.4 Various types FSMs Dimensions
Parameter Large FSMs Medium FSMs Small FSMs
Stator outer Diameter, Dso [mm] 200 100 50
Stator inner Diameter, Dsi [mm] 133 66.5 33.25
Rotor inner shaft Diameter, Dri [mm] 14 7 3.5
Rotor back-ion, hsy [mm] 9 4.5 2.25
Stator pole (Ns) 12 12 12
Rotor pole (Nr) 10 10 10
Air-gap, g [mm] 0.25 0.25 0.125
PM Width, wpm [mm] 6 3 1.5
Area per-slot, [mm] 592.9 148.2 37.06
Embrace Stator [mm] 0.49 0.49 0.49
Embrace Rotor [mm] 0.33 0.33 0.33
Stack length, lstk [mm] 300 150 75
The case study FSM described in Table 3.4 has been simulated using the MEC
time stepped method and compared with the FE results. The FE simulations of the
same have been performed in ANSYS Maxwell Electromagnetic analysis software. It
should be noted that the end effect is not included in the 2D-FEM simulation as shown
in Fig. 3.20. The simulation results depicted in Fig. 3.21 to Fig. 3.26 compares the
FSM results for three sizes of FSMs with FE results. The MEC model predictions are
identical comparable to the FE model result, whereas The flux linkages predicted by
the MEC model in Fig. 3.21 and Fig. 3.22 in all the three FSMs also in agreement.
Moreover, the FE avergae torque are consistent with the torque calculated using the
MEC model.
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FE model-based result MEC model-based result
Fig. 3.21 No-load torque and per-phase flux-linkage results comparison for the small
FSM 8.66 kW
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FE model-based result MEC model-based result
Fig. 3.22 Full-load torque and per-phase flux-linkage results comparison for the small
FSM 8.66 kW
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FE model-based result MEC model-based result
Fig. 3.23 No-load torque and per-phase flux-linkage results comparison for the small
FSM 161.2 kW
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FE model-based result MEC model-based result
Fig. 3.24 Full-load torque and per-phase flux-linkage results comparison for the small
FSM 161.2 kW
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FE model-based result MEC model-based result
Fig. 3.25 No-load torque and per-phase flux-linkage results comparison for the small
FSM 8.66 kW
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FE model-based result MEC model-based result
Fig. 3.26 Full-load torque and per-phase flux-linkage results comparison for the small
FSM 8.66 kW
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3.12 Experimental Results Analysis
The author of [193] emphasize on the added advantage of the permanent magnet flux
switching (PMFS) machines, which improves the torque characteristics through rotor
step skewing. The torque characterization is analyzed by comparison measurements
and FEA results. However, the author has declared that, there is a clear discrep-
ancy between the predicted and the measured results, particularly for the step skewed
machine. The FEA models are built hypothetically using ideal machines with no me-
chanical tolerances. In addition, the authors claim that the experimental results show
that the torque can be substantially reduced from 0.296 Nm to 0.105 Nm, or a reduc-
tion of nearly 64.5%, by the rotor step skewing technique. The torque ripple decreased
efficiently by 64.4% but the average torque compromised by 4.2%. These factors, along
with the cogging torque referred to above may lead to major experimental errors.
A single-phase flux-switching permanent-magnet motor studied in [194] claims that
good agreement is achieved between predicted, finite element calculated, and measured
results. The authors reported that the measured back-EMF was reduced by 30 percent
as compared to the values expected from 2-D analysis due to the saturation effects
in the stator and author approaches the lumped parameter magnetic circuit (LPMC)
analysis model to boost the results. Therefore, the inductance predicted by 2-D LPMC
at this rotor position, which neglects saturation, is thus somewhat higher than that
predicted by 2-D FE. Additionally, the average torques expected from LPMC are
consistent with the measurement, when accounting for the stator external leakage and
end leakage flux. However, the author also claimed that the 2-D FE estimated torque
is much less than the expected 2D LPMC analyses because of substantial localised
magnetic saturation.
Flux-switching PM brushless AC machines have been investigated with the inten-
tion of larger electromagnetic torque through the optimization process in [195]. In
this study, the optimization process is carried out by the lumped parameter magnetic
circuit (LPMC) model and the optimal parameters predicted by the LPMC are vali-
dated by measurement results. The author argued that the effect of the BEMF and
torque-current characteristics are comparable and scientifically balanced between 2-D
FEA and measurement results. It’s also claimed that the optimized 12/13 and 12/14
stator/rotor pole FSPM machine exhibit approximately 10% higher electromagnetic
torque than that of the conventional machines.
FSPM machine with phase-concentrated coil winding studied in [196]. The author
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argued that the experimental results of the back-EMF were lower than the FEM study
results, largely because of its manufacturing tolerance. In particularly, the results
of the FEM analysis showed some harmonic components, whereas the experimental
results have lower harmonic contents. Further, the authors mention that, due to the
eccentricity the measured cogging torque has extra harmonics. Therefore, an error
precision of 0.15% was defined for cogging torque measurement.
3.13 Conclusion
This chapter revisits MEC modeling of FSMs. A simulation strategy that can be
applied to model any stator teeth / rotor pole combination is developed. This has been
achieved by modeling the MEC of a single rotor pole / stator tooth combination. The
parameterization of a single rotor pole / stator tooth combination has been presented.
The occurrence of different flux tubes between the rotor pole and the stator tooth-
parts are presented in detail and the flux tube mathematical model is derived. The
single rotor pole / stator teeth combination is then used iteratively to model the
permeance between all the rotor poles / stator teeth combinations. The proposed
MEC modeling technique is simulated in time-stepped form and compared with Finite
Element simulation result. The flux linkage and torque output by the MEC model
are comparable and in good agreement with the FE model. Therefore, the MEC
model can be used for rapid design and evaluation of output torque and weight for a
given current, voltage and speed. This model is then used in the following chapters
to evaluate the impact of material properties and to evaluate the overall weight of the
machine with gearing.
Chapter 4
Electrical Core Material
4.1 Introduction
Enhanced power density, efficiency and portability are three main requirements in
such machines and the magnetic properties of core material play an important role in
achieving these requirements.
The use of the soft magnetic composite (SMC) materials in electrical machines
have received immense attention due to its very low eddy-current loss and relatively
low total core loss at higher frequencies. Researchers have proposed metallurgy tech-
niques that allow the use of SMCs with laminated silicon steels in electromagnetic
devices [197]. Iron powder particles with an organic material coating has been used
in [198] to achieve high motor performance. In addition to micro scale refinement,
the possibility to adjust the effective magnetic properties at macro scale by the use of
multiple magnetic materials in the design of electromagnetic devices has not received
attention to date. The authors of [199] have studied soft magnetic materials for the
high-speed machine design with Si-steel and Co-steel. However, such research efforts
have utilized only a single material in one design.
This research chapter proposes the use of multiple types of magnetic materials in
a laminated structure core (MMLCs) is proposed. This approach provides the ability
to shape the effective magnetic characteristics and potentially achieve enhanced per-
formance particularly at high frequencies. MMLCs have not been extensively studied
to date and offer a new dimension in the machine design process for optimization and
enhancement of performance.
The rest of the chapter is structured as follows: Section. 4.2 exemplifies the MMLC
2D modeling techniques and experimental core structures. The experimental valida-
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core material -1      core material-2    
core material -1      
core material-2    
(a)                                                                                                         (b)                                                                                                                                 (c)    
Fig. 4.1 Parallel arrangement of MMLC:(a) Lamination structure of MMLC, (b) Repre-
sentation of the experimental setup for parallel core investigation and (c) Experimental
MMLC wound setup.
tion of the B-H characteristics of the proposed structure is presented in Section. 4.3.
The MMC loss homogenization is presented in Section. 4.4 Finally, conclusions are
summarized in section. 4.6.
4.2 MMLC 2D Modeling
MMLCs may consist of two or more materials in a magnetically parallel arrangement.
To analyze this type of core, 3D simulations are required. However, machine design and
optimization with 3D simulations is time consuming and computationally intensive.
An alternative approach is to formulate a homogenized material properties model that
provide equivalent BH characteristics and core loss information in 2D Finite Element
(FE) or analytical calculations.
To ease computational effort, homogenization approaches for single material lam-
inated magnetic cores have been studied in the past for modeling particularly high
frequency transformers [200]. A homogenization approach to calculate losses in SMCs
by using complex magnetic permeability has been studied in [201].
The stack of core materials shown in Fig.1 (a) illustrate the MMLC arrangement
for an electrical machine. For ease of mathematical development, two core materials
in parallel arrangement as shown in Fig. 1 (b) has been considered for modeling. Cer-
tain materials may have properties beneficial for a particular applications. Magnetic
permeability and specific core loss characteristics are the most significant properties
of a selected material [201]. With multiple magnetic materials, the effective magnetic
permeability can be determined through a reluctance model.
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The mathematical modeling for two toroidal cores will be equivalent to the model of
two lamination’s in a stack. Therefore, without loss of generality, an MMLC with a
higher number of layers can be homogenized by this modeling strategy.
In a homogeneous toroidal core, the relationship between the MMF F and the induced
magnetic field Hh is given by:
F =
∮
Hh.dlh (4.1)
The subscript notation ‘h’ represents the equivalent homogenized core parameters.
The MMF F can be related to the magnetic flux Φh with the equation:
F = ΦhRh (4.2)
where Rh is the homogenized material magnetic reluctance. The MMLC lumped
parametric circuit can also be analyzed by an equivalent magnetic circuit as shown
in Fig.4.2 (b). The homogenized core model is shown in Fig.4.2 (a). Consider the
summation of flux:
φh = φ1 + φ2 (4.3)
The relationship between the magnetic flux densities of individual core material 1 and
2 and the homogenized model is then given by:
Bh =
A1B1 + A2B2
Ah
(4.4)
where Ah = A1+A2 and, A1 and A2 are the cross sectional areas of core-1 and core-2
respectively. For the same MMF, the relationship between magnetic field intensities
from (4.1) are given by:
Hhlh = H1l1 = H2l2 (4.5)
The geometric mean length is adopted here to represent the effective length of the flux
path in the homogenized model:
lh =
√
l1l2 (4.6)
Considering a homogenized model with a the relative magnetic permeability µh, the
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(a) (b)
Fig. 4.2 Homogenized Reluctance model of MMLC (a) equivalent reluctance and (b)
two material model
homogenized reluctance can be calculated as:
Rh =
lh
µ0µhAh
(4.7)
Similar to the derivation of the equivalent core reluctance, the individual reluctance
of cores 1 and 2 are given by:
R1 =
l1
µ0µrA1
(4.8)
R2 =
l2
µ0µrA2
(4.9)
The homogenized core equivalent reluctance Rh can be represented in terms of the
reluctance of core-1 and core-2 as:
1
Rh
= 1
R1
+ 1
R2
(4.10)
By substitution of (4.8) to (4.10) in (4.7), the equivalent relative permeability of the
MMLC can be derived as:
µh =
lh (µ1A1l2 + µ2A2l1)
Ahl1l2
(4.11)
The energy stored within core-1 and core-2 are given by:
E1 =
φ1=φ∫
0
Fdφ1 and E2 =
φ1=φ∫
0
Fdφ2 (4.12)
4. MMLC 87
The total energy stored in the two core structure is therefore given by:
Eh =
φh=φ∫
0
Fdφh =
φ1=φ∫
0
Fdφ1 +
φ2=φ∫
0
Fdφ2 (4.13)
It follows that the total stored energy calculated with flux φh of the equivalent core
using reluctance model shown in Fig.4.2 (a) will yield identical results to that of Fig.4.2
(b). The equivalent core area Ah and length lh has no bearing on the calculation of
the energy storage. However, the Ah and lh are key parameters for the calculation
of the equivalent core magnetic flux density Bh and the effective field intensity Hh.
These aspects are investigated in the following section.
4.3 Experimental validation of the homogenization
of B-H Characteristics
Cross sectional area A
Core-1 Core-2
Fig. 4.3 Two cores with different material properties considered in the experimental
investigation
The following experimental measurement method has been adopted to characterize
the MMLC core. The experimental procedure can be applied by the block-diagram is
illustrated in Fig.4.4
BH loop analysis is the most common material characterization method. According
to this research, the core is wound with two winding’s, primary winding and a sec-
ondary winding. The core loss is measured by integrating voltage and current passing
through the primary terminal.
In this research, MMLCs characterization analysis procedure is performed using
DC input voltage with an H-bridge inverter and series LC filter. Due to the nonlinear
behavior of the load, output waveform becomes distorted. To avoid this load variation,
a series capacitor is included in the measurement system. The generated output
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Fig. 4.4 Experimental procedures
voltage across the capacitor changes, according to the current drawn from the output.
Characteristic analysis has been completed by measuring BH loop, The cores are
performed for a maximum of up-to 10 kHz. The regulator H-bridge is supplied with a
constant voltage (200V). Fig.4.5, shows the experimental test-bed setup.
AC Source
Oscilloscope for 
Primary measurement
Power Amplifier
Oscilloscope for 
Secondary measurement
Test Bed with
 cores
Probes
Fig. 4.5 Experimental setup
Given the secondary sense voltage vs (t), the core flux density is estimated by:
B = 1
NsA
T∫
t=0
vs (t) dt (4.14)
where A is the core cross sectional area, Ns is the number of turns in the secondary
coil and T is the time period of the excitation voltage pulse. The measured current
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Table 4.1 Experimental core material and the dimensions of the toroids
material Do [mm] Di [mm] h [mm]
core-1 Iron Power 43 25 14.5
core-2 nanocrystalline 39 33 15
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MMLC
Homogenized 
Fig. 4.6 BH loop analysis of Core-1 at 1kHz
from the primary winding is related to the the magnetic field intensity H by:
H (t) = Npip (t)
l
(4.15)
where Np and l are the number of turns in the primary coil and l is the average length
of the flux path. The B-H curves of the three forms of cores have been calculated with
experimental voltage and current information. Table 4.1 summarizes the core material
and the dimensions.
Fig.4.6 shows the experimentally obtained averaged BH curves for the three cores
using a 1 kHz excitation pulse. The curve in colour magenta represents the BH curve
calculated for the homogenized model by application of (5.12) and (5.13) relationships.
The MMLC BH curve has an excellent match with this calculated BH curve and
therefore validates the MMLC homogenization procedure of BH characteristics.
While BH characteristics will pave the way to analyze the magnetic circuit under
different excitation conditions, the performance of a magnetic circuit is also charac-
terized by its efficiency. Therefore, the calculation of ecore losses is essential. The
following section develops a loss homogenization strategy for MMLCs.
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4.4 Calculation of Homogenized losses in MMLC
The Steinmetz equation used for estimating the hysteresis loss is given by [202]:
Phy = kfαBβ (4.16)
where Phy is the time averaged specific power loss, B is the flux density, f is the
excitation frequency, α, β and k are Steinmetz parameters.
The typical values of α and β are 1 < α < 2 and 1.5 < β < 2.2. Parameter k may
vary between 1 × 10−6 < k < 1.5. The calculation (4.16) is only valid for hysteresis
loss and the eddy current and excess losses are not accounted. A common method
[203, 204] is to calculate the total core losses by:
Pc = Phy + Ped + Pex (4.17)
Pc = khyfαBβ + kedf 2B2 + kedf 1.5B1.5 (4.18)
The authors of [205] propose a modified Steinmetz equation, which is used for core loss
calculation with arbitrary waveform. An equivalent frequency expression is introduced,
which is proportional to the rate of change of the flux density as:
feq =
2
∆B2π2
∫ T
0
(
dB
dt
)2
dt (4.19)
where ∆B is the peak to peak flux density. The loss calculation from (4.16) can be
augmented to yield:
Pv = kfα−1eq Bβfr (4.20)
where, fr is the re-magnetizing frequency. It should be noted that in each of these
cases, the hysteresis losses, eddy current losses and excess losses can be modeled using
the format of the equation 4.16. This feature is used in this section to find and the
homogenized model using the parameters of the original two materials.
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4.4.1 Definition of MMLC losses
Consider a MMLC with core-1 and core-2 weights w1 and w2 respectively. The weight
fractions for these two cores are then defined as:
ζ = w1
w1 + w2
(4.21)
1− ζ = w2
w1 + w2
(4.22)
Given the specific losses in the cores-1 and -2 as p1 and p2, the total loss is then given
by:
Ptot = w1p1 + w2p2 (4.23)
With consideration on the weight fractions (4.21) and (4.22) the MMLC homogenized
specific core losses ph is given by:
ph = ζp1 + (1− ζ)p2 (4.24)
the terms p1 and p2 contain the hysteresis, eddy current and excess loss components
of individual cores and these terms are of the form of (4.16).
Without loss of generality, consider a form of loss calculated using the parameters
k1, α1, β1, and k2, α2, β2 for core-1 and core-2 respectively. As mentioned previ-
ously, either hysteresis losses, eddy current losses or excess losses an be modeled using
this equation and the limits of these parameters are confined to a certain range as
highlighted before.
In this research, we attempt to model the homogenized core and calculate the
individual loss components in the form:
Ph = khfαhBβhh (4.25)
without loss of generality, kh is the coefficient corresponding to either hysteresis, eddy
current or excess loss components. Parameters αh and βh are also a function of the
original material parameters and the weight fractions. These parameters are useful
for 2-dimensional analysis of a homogenized core. By appropriate fitting of the ho-
mogenized specific loss value, these parameters can be estimated for a given weight
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fraction.
4.4.2 Numerical example:
Table 4.2 Parameters of the material considered for core loss calculation
Core weight fraction ζ k α β µr
Somaloy700 0.2 0.08 1 1.75 540
M330-50A 0.8 0.0075 1.2951 1.7224 1050
MMLC Fitted 1 0.02683 1.143 1.736 -
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Fig. 4.7 (a) Specific hysteresis losses of M330-50A and Somaloy700 material and the
MMLC at ζ = 0.8 and (b) Specific MMLC hysteresis losses at different frequencies
and curve fitted values based on parameters in Table 4.2
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Table 4.2 shows the hysteresis loss parameters for Somaloy700 and Si steel M330-
50A. As an example Fig.4.7 (a) shows the specific core losses of these two material at 10
kHz. The dark curve shows the equivalent specific core losses of the core as calculated
by (4.24). This curve if fitted to the form given in (4.25) and the corresponding
homogenized parameters are also shown in Table 4.2 (MMLC fitted parameters).
The MMLC specific hysteresis losses at a range of frequencies from 1 kHz to 10
kHz are shown in Fig. 4.7 (b). The corresponding data points of the curve fit to the
format (4.25) are also shown in Fig. 4.7 (b) as circular points and demonstrates the
possibility to produce a homogenized specific core loss model.
4.5 Impact of MMLC on FSM torque production
Table 4.3 Torque production at different material permeability
Large FSM Medium FSM Small FSM
Relative permeability Torque [Nm] Torque [Nm] Torque [Nm]
1000 788.5 35.4 1.47
4000 856.1 37.8 1.55
20000 875.7 38.4 1.57
50000 878.7 38.5 1.58
The FSM mathematical model developed in Chapter 3 has been used to evaluate
the impact of material properties on FSM torque production. The material property
that change in the MMLCs is the permeability. While normal Si-steel has a relative
permeability of 4000, nanocrystalline material may achieve relative permeabilities in
above 20000 and up to 50000. Depending on the weight fraction of the multi-magnetic
materials, the effective permeability can be adjusted to a value in that range. The three
FSM machines considered in Chapter 3 and described in Table 3.3 has been analyzed
using the mathematical model developed in Chapter 3. The torque production with
different permeability are shown in Table. 4.3. It can be clearly seen that the at
higher permeability the torque production increases. However, this is not a significant
increase in torque production above permeabilities above 20000. Therefore, it can be
concluded that the MMLCs can also be used to develop FSMs without loss of torque
production, rather with a slight increase in torque production.
4. MMLC 94
4.6 Conclusion
The concept of multi-magnetic material laminated cores (MMLCs) has been presented
in this chapter. The strategy to homogenize the B-H characteristics is presented. The
BH characteristics homogenization strategy is experimentally validated using the B-H
curves of two core material, namely an iron-power toroidal core and a nanocrystalline
toroidal core. Then the MMLC effective B-H characteristics have been obtained by
parallel arrangement of the two cores. The modeling strategy is validated by compar-
ing the experimentally obtained B-H curve with that of the homogenized B-H curve
obtained using the two individual core B-H curves. The core loss homogenization strat-
egy considering weight fractions is introduced. The use of curve fitting to produce a
homogenized hysteresis loss of a MMLC with two core material has been proposed
and demonstrated using a numerical example. The change in material properties with
the use of MMLCs result in change in the permeability. The impact of change on
permeability of torque production of FSMs has been analyzed using the mathemat-
ical model developed in Chapter 3 and is shown to improve torque production. At
higher permeabilities (above 20000) the increase in torque production due to higher
permeability is minimal. Thereby, the ability to use MMLC material for FSM design
is established.
Chapter 5
Gear Analysis
5.1 Introduction
For a given drive application, it is possible to design a direct drive low speed machine
(LSM) or a geared High speed machine (HSM) as illustrated in Fig.5.1. A compar-
ative analysis of weight and performance between standalone low-speed direct drive
machines and geared high speed machines have not been extensively studied to-date.
The purpose of this chapter is to develop a technique to determine gearbox sizing and
weight and torque for given specifications, particularly for planetary gearboxes.
GearboxHSM
T/ω
HSM Weight + Gearbox Weight 
LSM Weight
T/ω
LSM
Fig. 5.1 Direct drive low speed machine and a geared high speed machine delivering
the same torque / speed requirements
5.2 Background
Over the past two decades, a number of research initiatives have focused on the re-
placement of geared drive systems with direct drive electrical machines. This has been
demonstrated for wind power generation systems, aero-engine power generator systems
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and other applications. For example, the authors of [206] claim that the direct drive
machines can be made lighter than a geared drive systems. The authors investigated
mainly the speed and power range from 0 - 500 rpm and at 4.5 kW.
The authors of [207] address the challenges that need to be tackled for the devel-
opment of a direct drive surface mounted PM motor to replace an geared induction
motor for an industrial application in order to achieve better performance.
While the replacement of geared drives with direct drive machines can be justified
for certain applications, the relative advantage highly depend of the torque-speed re-
quirements. Therefore, certain researchers have demonstrated effective use of geared
drives instead of direct drive machines. For example, the authors of [208] have found
that the combination of gearbox and motor are very suitable for many industrial ap-
plications such as high power wind generators, low speed gearless direct drive machine
and as electric vehicle traction machines. The concept of the geared machine has been
introduced in [209].
A review on the various gear boxed found in literature are illustrated in Table.5.2,
wherein the key aspects are compared.
Table 5.1 Comparison of different gear types
Ref Gear Type Max.density kNm/m3 Volume m3 Gear ratio
[210] Mechanical spur gear 100-200 - -
[211] Planetary mechanical gear 43 - -
[212] Planetary gear 0.95 0.838 -
[212] Helical Mechanical Gear 0.484 1.643 -
[213] Planetary gear - - 1432:1
[214] Planetary gear - 0.0033 125:1
[215] Spur gear - 0.225 40:1
From Table.5.1, it is seen that the spur gear in [210] has higher torque density.
Planetary type mechanical gear [211] has high torque density compare of other types.
Which has 3 number of planets gear with 250 mm outer diameter and its can produce
maximum torque transmission of 75 Nm with a gearing ratio of 2.5. On the other hand,
another planetary mechanical Gear in [213] has high load capacity and compactness to
gear drives with a higher gear ratio of 1432:1. The authors of [214] introduce a 450kw,
1500 rpm light weight planetary gear. This gearbox achieves 96% efficiency with 125:1
gear ratio . The helical gear system developed by the authors of [212] has low torque
density 0.484 kNm/m3 which to be used in case of mechanical power transmission.
Furthermore, mechanical planetary gear has low torque density 0.95kNm/m3,
5.Geared Drive Consideration 97
which is far less than that provided by the mechanical spur gear [210].
Such low torque density seriously limits their popularization and application. Also,
the author of [215] has reduced the volume by 22.5% of 40kw spur gear by optimization
which can drive up to 1450 rpm with 40:1 gear ratio.
5.3 Speed Reduction Gearing Options
Many types of gearboxes are found in with mechanical engineering applications.
The features of different gearboxes depend on their implementation, sizing and
gear ratio and these factors affect efficiency and price. The following are the five main
types of gearboxes:
1. Bevel Gears
Bevel gear are mostly used with the shafts in a perpendicular arrangement in
right angle applications. Bevel gears are typically used for differential drives.
Straight and spiral gears are the two types of bevel gears. A straight bevel gear
is equipped with straight, conical teeth and is used for slow speed applications
is shown in Fig.5.2. Bevel gears are typically made of cast iron, aluminum alloy
or other steel components.
Fig. 5.2 Bevel Gears [10]
2. Spur gear
The spur gear is installed on a parallel shaft with straight teeth shown in Fig.5.3.
Due to colliding gear teeth, the noise level of spur gears is comparatively high,
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making spur gear teeth susceptible to wear. Spur gears are found in a variety of
dimensions and gear ratios to satisfy application that requires certain speed or
torque output. Spur gear is generally produced of metals such as steel or brass,
and plastics such as nylon or poly-carbonate.
Fig. 5.3 Spur gear [11]
3. Helical Gears
An example of a helical gear is shown in Fig.5.4. Helical gears are sliced at
corners that enable the gear teeth to gradually contact each other. This sort
of innovation ensures smooth and quiet operation. For high horsepower and
effective applications, gearboxes with helical gears widely used. Helical gears
are commonly used in high-power applications.
4. Worm Gears
Worm gears are used in applications that require the ability to withstand high
shock loads, low noise and low maintenance, but is found to be less efficient
than other gear types. As shown in Fig.5.5, worm gear can be used for appli-
cations requiring position locking. Worm gears are used for right-angle motion
translation applications.
5. Planetary Gears
A planetary gear is shown in Fig.5.6. A planetary gear includes a sun gear,
ring gear and planet gear. The sun gear is the primary gear wheel placed in
the middle, an external ring gear with inbound-facing teeth, and the planetary
gear wheel mesh the sun gear and the ring gear. The planet gear wheels are
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Fig. 5.4 Helical Gears [12]
Fig. 5.5 Worm gears [13]
held together with another part referred to as the carrier. In a speed reduction
gearbox, the sun gear acts as the high speed input while the carrier coupled with
the output shaft reduces the speed to a lower value. Planetary gearboxes are
used in application that require compact size, high efficiency, shock resistance,
and low weight and high torque. Planetary gears are widely used in machines
tools, slewing drives, lifts and automotive applications.
The planetary gearboxes offer the following advantages:
1. High power density
2. High efficiency in power transmission
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Fig. 5.6 Planetary Gears [14]
3. Greater stability
4. Load distribution among planetary gears
Due to the above advantages and comparatively high performance, the planetary
gearbox is considered as the most suitable to be used together with high speed ma-
chines for speed reduction from high speed to low speeds. The latter part of this
chapter considers the design planetary gearboxes and the development of an analyti-
cal model for weight estimation.
5.4 Planetary gear boxes
The planetary gearbox provides different advantages over the traditional design of
fixed axis gear systems. The distinctive combination between the effectiveness of
power transmission and compact size permits high torque density. In a planetary
gear, the transmitted load is distributed between several planets, which increases the
torque transmission. The increased amount of planets in a gearing scheme increases
the load capacity and increases the torque density. Due to a balanced scheme, gear ar-
rangements enhance stability and rotational stiffness. However, the planetary gearbox
design is complicated and comparatively expensive.
The planetary gear cross section is shown in Fig.5.7. Planetary gear total weight
is determined by different components within the gearbox. These include the weights:
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Wcase is the gearbox casing, Wplanet is the planet gear weight, np is the numbers
of planet gear, Wsun is the sun gear weight, Wring is the ring gear weight, Wcarrier is
the planetary wheel carrier weight, Wsh1 and Wsh2 are the gearbox shaft 1 and shaft
2 respectively, and Wbearing is the gear bearing weight.
Design equations are based on the assumption that the weight of a gear drive is
proportional to the volume of steel and the weight of a gear wheel is:
Wgear = k
π(d2
)2
× b× ρ
 (5.1)
b is the width of the gear, d is the pitch diameter, 0 < k < 1 is the gear volume fill
factor and ρ is the material density, k = 1 represent a cylinder without teeth.
Similarly, the concept of planet gear sun gear and ring gear weight can be estima-
tion as follows:
Wplanet = π
(
r2po − r2pi
)
× Lp × ρ (5.2)
Wsun = π
(
r2so − r2si
)
× Ls × ρ (5.3)
Wring = π
(
r2ro − r2ri
)
× La × ρ (5.4)
where, rpo is the outer radius of the planet gear, rpi is the inner radius of the planet
gear and in (5.3), rso is the outer radius of the sun gear gear, rsi is the inner radius
of the sun gear. Similarly, in (5.4), rro is the outer radius of the ring gear, rri is the
inner radius of the ring gear respectively.
The geometry for calculating gear shaft 1 and shaft 2 weight are shown in Equa-
tion.5.5 and 5.6.
Wsh1 = ρ× Lsh1 × π ×
(
Dsh1
2
)2
(5.5)
where, Vsh1 is the volume of the shaft 1, is define in the Equation.2.14
Wsh2 = ρ× Lsh2 × π ×
(
Dsh2
2
)2
(5.6)
where, Vsh2 is the volume of the shaft 1, is define in the Equation.5.6
Likewise, the gear bearing weight is define as follows:
Wbearing = ρ× k × Vb (5.7)
5.Geared Drive Consideration 102
shD 1
L
shD 2
bL
bD
Sun gear
Planet gear
Planet gear
Gear case
Planet wheel
       arm
Ring gear
Lsh1shL 2
Ring gear
Gear case
aL
aD
Fig. 5.7 Planetary gearboxes
where, Vb is the volume of the bearing, is defined in the Equation.5.6
Vb = Lb × π ×
(
Db
2
)2
(5.8)
Therefore, the bearing weight was predicted after substituting Equation.5.8 in the
Equation.5.7.
Similarly, the concept of gear casing weight estimation as follows:
Wcase = ρ× k × Vcase (5.9)
where, in equation.5.9, Vcase is the volume of the casing, is define in the Equation.5.6
Vcase = La × π ×
(
Dcase
2
)2
− Lsh2 × π ×
(
Dsh2
2
)2
(5.10)
5.5 Gear Systems Design
5.5.1 Implementation of planetary gear systems:
The position of sun gear is in the center and the ring gear is situated in the periphery
as shown in Fig.5.14.
Planetary spur gear drive ratio Gr : 1 defines the number of revolutions the sun
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Fig. 5.8 Planetary gear model
gear must make for each revolution of the output carrier. The sun gear transmits
torque to the planet gear from the center of the planet. Both systems are located
inside the ring gear. The desired number of the tooth in the sun gear is calculated by:
Face width = b
Teeth thic
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Fig. 5.9 Planetary gear teeth model
N = πD
ρ
(5.11)
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D is the pitch diameter, ρ is the circular pitch, N is the number of teeth.
5.5.2 Bending stress in gear teeth
Wilfred Lewis formula commonly known as the Lewis formula was developed in 1893
to estimate bending stress in a gear tooth [216]. Lewis concluded that due to the
tangential force applied to the gear, a bending stress is produced on the root of the
gear tooth. If the induced bending stress in a gear tooth is more than the allowable
stress limit, the gear teeth will be permanently deformed and will lead to gear failure.
The Lewis equation is described below and is used to calculate the nominal tooth root
bending stress shown in Fig.5.9. Several case studies have been performed using finite
element modeling to validate the bending stress of gear tooth at variable face width.
Following is the Lewis equation of bending stress:
σ = Ft
bamY
(5.12)
Ft = F cosα (5.13)
m = Dp
N
(5.14)
where Ft is the tangential force on tooth, σ is the tooth bending stress ba is the face
width, Dp is the diameter of the pitch circular, Y is the Lewis form factor (typically
Y = 0.32) and , α is the pressure angle.
5.5.3 Case Study Gear
Table 5.2 Planetary Gear Specifications
Parameters Sun gear Planet gear Ring gear
QTY 1 2 1
Module 2 2 2
Teeth 20 10 40
Pressure angle 20◦ 20◦ 20◦
An example planetary gear specification is shown in Table.5.2. The Lewis equation
shows that the bending stress of the tooth varies proportionally with load, Ft, and
inverse proportionally with tooth width, ba, and tooth module, m.
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Table 5.3 Bending Stress Comparison at various face width
Face width
[mm]
Apply force
[N]
FEA bending
stress
[Mpa]
Analytical bending
stress
[Mpa]
10 23.2 24.25
20 46.4 48.5
0.5 30 69.7 72.75
50 92.9 97
70 162.7 169.76
100 235 242.52
10 12.7 12.12
20 24.3 24.25
1 30 36.5 36.37
50 60.8 60.63
70 85.2 84.88
100 121.7 121.26
10 5.7 6.063
20 11.5 12.12
2 30 17.2 18.18
50 28.8 30.3
70 40.32 42.44
100 57.6 60.63
This indicates that the bending stress of a gear tooth increases with applied force.
Based on (5.12), several case studies have been evaluated for bending stress at
different tangential forces Fig.5.10, shows the sun gear bending stress analysis using
FEA for a face width of 0.5mm. Similarly, the bending stress analysis at 1mm face
width and 2mm face width are illustrated in Fig.5.11 and Fig.5.12 respectively.
The FEM calculation and analytical calculation results are nearly close to each as
shown in Fig.5.13. And therefore the Lewis equation is confirmed.
5.5.4 Gear ratio, Tangential force and Torque Transmission
The ratios between the two different gears are described as the correlation between the
numbers of teeth. The amount of teeth that a gear has is usually proportional to its
circumference. This implies that the gear with a larger circumference has more gear
teeth, and the connection between the two gears ’ circumferences can therefore offer
an exact gear ratio. For instance, if one gear had 36 teeth (drive gear) while another
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gear had 60 tooth (driven gear), it would have a following gear ratio:
Gear Ratio =Driven Gear TeethDrive Gear Teeth =
60
36 = 1.6 : 1 (5.15)
The ratio defines the revolutions of the drive gear required to turn the full one
revolution of the driven gear.
From Fig.5.15 we can look at two gears in a mesh. Gear 1 is considered as a driver
with a ω1 speed and Z1 number of teeth and rotating counter-clockwise. Gear 2, with
ω2 speed and Z2 number of gear teeth, is considered as driven gear, rotating clockwise.
It should be noted that, a gear pair can only mesh correctly if the diametral pitch is
the same. The following relationship can be taken into account when a tangential force
is applied to the driving gear which initiate the gear rotation. The input mechanical
power can be express as:
Pin = T1 × ω1 (5.16)
Pout = T2 × ω2 (5.17)
Hence, if we assume that there is no frictional loss between input and output power,
the torque and speed relationship can be expressed as:
Pin = Pout
⇒ T1 × ω1 = T2 × ω2
⇒ ω1
ω2
= T2
T1
Torque and speed are therefore inversely proportional.
The torque about the gear axle can be represent as:
T = Ft × r (5.18)
where, T is represent as a torque transmission, r is the gear wheel radius and Ft is the
tangential force.
The equation.5.18 varies based on how many teeth mesh each other to develop
the total tangential force for the gear train [217]. The Ft expression can therefore be
modified as:
Ft =
T
ngm × r (5.19)
where, ngm represents number of gear train teeth meshing with each other.
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                                     (a)                                 (b) 
                                      (c)                                 (d) 
                                  (e) 
Fig. 5.10 FEA bending stress analysis at variable face width and applied force (a) Face
width:0.5 mm, applied force: 10 N (b) Face width:0.5 mm, applied force: 30 N (c)
Face width:0.5 mm, applied force: 50 N (d) Face width:0.5 mm, applied force: 70 N
(e) Face width:0.5 mm, applied force: 100 N
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                                     (a)                                 (b) 
                                      (c)                                 (d) 
                                  (e) 
Fig. 5.11 FEA bending stress analysis at variable face width and applied force (a) Face
width:1 mm, applied force: 10 N (b) Face width:1 mm, applied force: 30 N (c) Face
width:1 mm, applied force: 50 N (d) Face width:1 mm, applied force: 70 N (e) Face
width:1 mm, applied force: 100 N
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                                     (a)                                 (b) 
                                      (c)                                 (d) 
                                  (e) 
Fig. 5.12 FEA bending stress analysis at variable face width and applied force (a) Face
width:2 mm, applied force: 10 N (b) Face width:2 mm, applied force: 30 N (c) Face
width:2 mm, applied force: 50 N (d) Face width:2 mm, applied force: 70 N (e) Face
width:2 mm, applied force: 100 N
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Fig. 5.13 Bending stress comparison between FEA and analytical analysis
Idler gear
Drive gear Driven gear
Fig. 5.14 Gear Trains with Multiple Gears [15]
5.Geared Drive Consideration 111
1
ω
1r
2r
1Z 2Z
2
ω
Fig. 5.15 Gear pair
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5.6 Evaluation of planetary gear box weight and
torque specification
As explained earlier, the gear tooth stress is a function of the gear teeth thickness and
applied tangential force (5.12). The tangential force is related to the gear torque by
(5.19) and is a function of the gear wheel diameter. In the case of a planetary gear
box, the sun gear acts as the input and carrier acts as the output. The Input torque
via the sun gear is transmitted to multiple planet gears and the stress on the sun gear
teeth can be written by combining (5.12) and 5.19 as:
σ = Ft
bamY
= T
bangmmY r
(5.20)
T = σbangmmY r (5.21)
Parameter ngm defines the number of planets meshed with the sun gear. The
planetary gear split ratio is defined as:
ν = rsun
rring
= Dsun
Dring
(5.22)
The total outer gear diameter can be written as:
Do = Dring + 2hcase (5.23)
Then the sun gear radius is given by:
r = Dsun2 =
ν (Do − 2hcase)
2 (5.24)
T = 12σνbangmmY (Do − 2hcase) (5.25)
The tooth thickness ba can be assumed as a ratio of the total gear box length:
ba = κ1L (5.26)
T =
(1
2σνκ1mY
)
ngmL (Do − 2hcase) (5.27)
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Torque per unit length (TUL) is then given by:
TUL = T
L
=
(1
2σνκ1ngmmY
)
(Do − 2hcase) (5.28)
The parameter ngm typically is in the range of 2 to 4. For high split ratio systems,
the number of planets can be increased and for lower split ratio. The combination of
the length to tooth thickness ratio κ , split ratio ν and the number of planets meshed
with the sun gear ngm together with the constants m, Y and tooth stress σ form a
constant overall factor which gives rise to the nearly constant gradient irrespective of
the gear ratio or the number of planets in the system or the input shaft speed. This
can therefore be written as:
gdiamD0 =
(1
2σνκ1ngmmY
)
(5.29)
The parameter hcase is the gearbox casing thickness, does not significantly influence
the overall gear weight and torque specification. Therefore (Do − 2hcase) term in
(equation 5.28) can be replaced by D0 resulting in TUL :
TUL = T
L
= gdiamD2o (5.30)
The hypothesis is validated using 40 sample commercially available planetary gear
boxes as shown in Table.5.4. Fig.5.16 shows the variation of TUL with D2o and is
nearly linear.
The gradient of line is governed by the factor gdiam = 121604N/m3
The volume of material used for the planetary gear can be written as:
V = κ2D2oL (5.31)
where, 0 < κ2 < 1 takes into account the air within the system. Assuming the
planetary gear is designed using steel material, the weight of the overall gearbox can
be written as:
W = κ2ρsteelD2oL = gweightD2oL (5.32)
where ρsteel is the density of steel. The variation of W and D2oL is shown in Fig.5.17
below.
The gradient gweight is found to be 5081.8 kg/m3.
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Table 5.4 Commercially available planetary gear boxes
Model No of Gr T Do La Speed Do^2 T/L Do^2*L W
Plantary gearbox - Nm mm mm rpm mm^2 N m^3 kg
NRH80: 1 stage 10 60 70 117 6000 0.0049 512.8205 0.000573 4
VRB090: 1 stage 10 100 90 110 4000 0.0081 909.0909 0.000891 3.3
VRL090: 1 stage 10 100 100 102 4000 0.01 980.3922 0.00102 3.5
AF075: 1 stage 10 100 100 103 8000 0.01 970.8738 0.00103 3.7
NRH100: 1 stage 10 150 110 130 4500 0.0121 1153.846 0.001573 7
VRB115: 1 Stage 10 230 118 150 4000 0.013924 1533.333 0.002089 7.8
VRL120: 1 stage 10 230 120 140 4000 0.0144 1642.857 0.002016 7.8
NRH140: 1 stage 10 310 130 160 4000 0.0169 1937.5 0.002704 15
AF0100: 1 stage 10 230 130 109 8000 0.0169 2110.092 0.001842 6.9
VRB142: 1 stage 10 450 150 173 3000 0.0225 2601.156 0.003893 15
VRL155: 1 stage 10 450 160 158 3000 0.0256 2848.101 0.004045 14.5
AF140: 1 stage 10 450 160 133 6000 0.0256 3383.459 0.003405 13.7
VRB180: 1 stage 10 900 184 200 3000 0.033856 4500 0.006771 28
AF180: 1 stage 10 900 190 179 6000 0.0361 5027.933 0.006462 28
NR180: 1 stage 10 680 196 140 3500 0.038416 4857.143 0.005378 32
VRL205: 1 stage 10 900 200 184 3000 0.04 4891.304 0.00736 30
AF220: 1 stage 10 1500 225 227 4000 0.050625 6607.93 0.011492 48
VRB220: 1 stage 10 1500 225.5 253 2000 0.05085 5928.854 0.012865 52
VRL235: 1 stage 10 1500 230 230 2000 0.0529 6521.739 0.012167 50
NR240: 1 stage 10 1700 245 229 2200 0.060025 7423.581 0.013746 70
VRL235: 2 stage 10 1500 250 220 2000 0.0625 6818.182 0.01375 63
VRB090: 2 stage 100 100 90 130 4000 0.0081 769.2308 0.001053 3.9
NRH80: 2 stage 100 60 91 90 6000 0.008281 666.6667 0.000745 5.5
VRB115: 2 Stage 100 230 110 160 4000 0.0121 1437.5 0.001936 9.6
VRL090: 2 stage 100 100 110 90 4000 0.0121 1111.111 0.001089 4.1
NRH100: 2 stage 100 150 120 118 4500 0.0144 1271.186 0.001699 12
AF075: 2 stage 100 100 120 80 8000 0.0144 1250 0.001152 4.2
NRH140: 2 stage 100 310 130 170 5000 0.0169 1823.529 0.002873 17
VRL120: 2 stage 100 230 130 130 4000 0.0169 1769.231 0.002197 9
AF0100: 2 stage 100 230 145 100 8000 0.021025 2300 0.002103 7.5
VRB142: 2 stage 100 450 160 160 3000 0.0256 2812.5 0.004096 19
VRL155: 2 stage 100 450 170 148 3000 0.0289 3040.541 0.004277 17.5
AF140: 2 stage 100 450 175 120 6000 0.030625 3750 0.003675 15
VRB180: 2 stage 100 900 190 180 3000 0.0361 5000 0.006498 33
NR180: 2 stage 100 680 196 170 3800 0.038416 4000 0.006531 39
AF180: 2 stage 100 900 200 160 6000 0.04 5625 0.0064 35
VRL205: 2 stage 100 900 210 175 3000 0.0441 5142.857 0.007718 33
VRB220: 2 stage 100 1500 230 240 2000 0.0529 6250 0.012696 66
AF220: 2 stage 100 1500 235 220 4000 0.055225 6818.182 0.01215 53
NR240: 2 stage 100 1700 245 270 3500 0.060025 6296.296 0.016207 90
5.6.1 Example calculation
Using the above abstracted representation, it is possible to evaluate the weight of a
planetary gear system and the axial length for given planetary gear box diameter. An
example from the existing data of commercially available gearboxes are considered
below:
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Fig. 5.16 TUL with D2o variation
Example 1:
Input shaft Torque AF220: 2 stage gear D0 = 235mm
TUL = T
L
= gdiamD2o = 121604× 0.2352 = 6715.6N (5.33)
Required torque = 1500 Nm Length of the gearbox:
L = TTUL =
1500
6715.6 = 0.223m (5.34)
Estimated weight of the gearbox :
W = gweightD2oL = 5081.8× 0.2352 × 0.223 = 62.68kg (5.35)
In the above calculation, the actual length is 0.220 m and the weight is 53 kg and
overestimates the weight by 18%.
The planetary gear length and weight distribution is shown in Fig.5.18 and Fig.5.19
The length estimation error is mainly in the 9.08% to 17.32 % error range while the
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Fig. 5.17 Weight with D2o variation
weight estimation error is predominantly in the 7.56% range. For the purpose of
determining an approximate guess of planetary gear weight and length for a given
diameter and torque requirement, the level of accuracy can be considered adequate.
While this is an initial guess based on commercially available planetary gear designs, it
is always possible to lower the weight and shorten the length of the gear for specialized
designs by removing excess material and therefore this approximate calculation can
also be considered as a very conservative guess of these parameters.
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Fig. 5.18 Planetary gear length estimation error distribution
N
um
be
r o
f s
am
pl
es
 in
 th
e 
sp
ec
i
ed
 e
rr
or
 ra
ng
e 
 
 [%]Error
Fig. 5.19 Planetary gear weight estimation error distribution
5.Geared Drive Consideration 118
5.7 Evaluation of weights of gear and FSM combi-
nations
The FSM model developed in Chapter. 3 and the weight calculation presented in
Section. 3.10 of Chapter. 3 is used in conjunction with the gear weight estimation
developed in this chapter to evaluate the variation of overall motor and gear combined
weight for different sizes on FSMs. As it can be observed from the data presented in
Table 5.4 in the previous section, the gear weight can be decoupled from the gear ratio
for the 1-stage and 2-stage gearboxes with gear ratios above 10 up to 100. Only the
gear overall diameter and the volume impacts the torque transmission capability and
this observation is used to produce a qualitative estimate of the gear weight.
Table 5.5 Evaluation of gear and motor weight for different sizes of FSMs
Machine Do Power[kW]
Torque
[Nm] TUL
Gear
length
[mm]
Gear
weight
[kg]
Motor
weight
[kg]
Total
weight
[kg]
M1 50 8.66 1.55 304.01 5.10 0.06 0.82 0.88
M2 50 86.60 15.50 304.01 50.99 0.65 8.20 8.85
M3 50 866.00 155.00 304.01 509.85 6.48 82.00 88.48
M4 100 85.44 20.03 1216.04 16.47 0.84 3.51 4.35
M5 100 161.20 37.80 1216.04 31.08 1.58 6.63 8.21
M6 100 870.48 204.12 1216.04 167.86 8.53 35.80 44.33
M7 200 86.42 13.71 4864.16 2.82 0.57 0.85 1.42
M8 200 864.16 137.09 4864.16 28.18 5.73 8.50 14.22
M9 200 5401.00 856.80 4864.16 176.15 35.81 53.10 88.91
Table 5.5 presents nine different FSM and machine combinations extended from
the three sizes of machines analyzed in Chapter. 3. The FSMs M1, M5 and M9
correspond to the machines presented in Chapter. 3. It can be observed that M3, M6
and M8 approximately have the same power output at 86.6 kW, and the weights reduce
exponentially with higher diameter as shown in Figure. 5.20. Similar observation is
shown at lower power of 8.6 kW where the weight reduces exponentially with higher
diameter as shown in Figure. 5.21. Considering the non-geared motor M2 with a
weight of 8.2 kg outweighs the high-speed geared options M4 and M7 however at
higher diameter. Therefore, it can be concluded that the use of a high-speed motor
and gear combination at higher diameter can be used to reduce the weight of the
overall motor-gear weight significantly.
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Fig. 5.20 Reduction of weight of motor and gear combination rated at 86.6 kW
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Fig. 5.21 Reduction of weight of motor and gear combination rated at 8.6 kW
5.Geared Drive Consideration 120
5.8 Conclusion
This chapter described different gear types that can be used with high speed machines
and considers the planetary gear as the most suitable option. The background of the
planetary gear and concepts of gear ratio and other features of planetary gear has
been described. The relation between tangential force and torque transmission has
been considered together with stress analysis to obtain an abstracted weight estima-
tion model. The weight estimation methodology of planetary gears is presented and
validated using commercially available planetary gears. It has been shown that the
analytical analysis of weight estimation achieves appreciably close results to that of
actual weight. FSMs together with gear boxes have been considered and it is shown
that significant weight savings can be achieved at higher diameter.
Chapter 6
Conclusion and Future Work
6.1 Conclusion
High speed machines have been investigated in the past for many industry applications.
Recently, high speed machines have replaced, low-speed machines with geared drives
due to opportunities for significant weight reductions. Considering the broad range
of electrical machine options, the flux switching machine has not received adequate
attention for the use in the high-speed domain of operation. A literature review has
been performed as part of this thesis and it was shown that FSMs have been used
in many industry applications such as EV, traction, renewable and power generation
applications. However, the use of FSMs in high speed applications has been minimal.
This thesis is presented on the rationale to replace low speed, high torque machines
with geared high-speed machines, particularly using the FSM as a high-speed machine
option. In order to evaluate the effectiveness of a high-speed FSM and a gearbox, it
is essential to mathematically model the machine and gearbox. Furthermore, the
FSM design using material with low core-losses is the state-of-the art and has been
considered in this thesis.
6.2 Summary of Contributions
A broad range of MEC modeling techniques were investigated. The occurrence of
flux tubes and the variation of flux tubes with rotor has been modeled. The air-gap
flux tube model combined with the core MEC model was developed to represent
any combination of FSM stator teeth / rotor pole numbers. The MEC model is
solved using nodal analysis. Numerical analysis confirmed that the results obtained
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for flux-linkage and torque in addition to torque ripple is considerably close to that
predicted by FEM simulations.
The mathematical model was then implemented in a time-stepped simulation
approach that was demonstrated in MATLAB Simulink. Time stepped simulation
results were compared with finite element (FE) simulation results and were found to
be in good agreement.
One of the main aims of the thesis was to investigate possible use of multiple
magnetic material to design high speed machines. This is investigated by the
proposed MMLC concept. The parallel arrangement magnetic material in a MMLC
core was investigated and an approach to obtain homogenized material properties
of an MMLC core was developed. The MMLC modeling strategy is validated by
comparing the experimentally obtained B-H curve with the homogenized B-H curve
using the two-individual cores.
The MMLC modeling showed that the permeability of magnetic material can be
adjusted within the range of the two individual core materials used. Particularly, a
Si-steel material with high mechanical strength, however with low permeability (e.g.
around 4000) and high core losses can be used together with a brittle material such
as nanocrystalline with very high permeability (e.g. 20000 to 50000) and negligible
core-losses. It was deduced that the main parameter that change in the MMLC is
the permeability. Therefore, the mathematical model was used to investigate the
impact of torque production due to change in permeability. It was shown that, if the
permeability increases, the torque production increases by a very small percentage,
however, never reduced. Thus the possibility to use MMLCs for FSM design was
established.
The planetary gearbox sizing and constraints due to mechanical stressed were iden-
tified. These design aspects were then formulated to a mathematical representation
that would allow an abstracted evaluation of sizing of a planetary gearbox for a given
torque and speed requirement. The abstracted analysis was validated using the spec-
ifications of commercially available planetary gearboxes. The weight estimation are
achieves appreciably using the abstract model was shown to produce estimations of
weights close to that of commercially available models planetary gear weights with the
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given specifications.
The research undertaken in this thesis has been on FSMs operating in the non-
saturating region of the respective core-material. Therefore the saturation effects
were neglected in the analysis. The analysis and modeling techniques developed in
this thesis can be extended further to incorporate the saturation effects as future work.
The MMLC core arrangement considered in this thesis is with noncrystalline ma-
terial which can achieve very small or nearly-negligible core-losses. As a results, the
FSM designs presented in this thesis did not consider the core-losses.
6.3 Future Work
The following issues can be taken into account for future work in this area:
1. Investigation of the temperature characteristic of MMLC material, and the impact
of vibration on MMLC performance due to the high speed operations may be
considered as a future challenge.
2. The optimization of the proposed design to limit the saturation effect may be a
suitable future research endeavor.
3. Development of control system geared towards torque control and flux-oriented
control would be a worthwhile step forward in further research.
4. Utilizing time step simulation model to reduce the total calculation time leading
towards accurate results compared to the FEA counterparts.
5. To investigate the core-losses of MMLC cores and to incorporate the core-loss cal-
culation techniques together with the mathematical model to produce a refined
evaluation of high speed FSMs would be a worthwhile step forward in further
research.
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